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1. INTRODUCTION!
!
Bevilacqua!L'and'Goldman'D.'Rare'coding'variants'and'their' importance'for'behavioral'
phenotypes.'Current'Psychiatry'Reviews,'under'review.'
!
The! field! of! genetics! in! the! last! few! years! has! lived! profound! cultural! changes! and!
technological!advancements,!which!enabled!the!scanning!of!the!entire!human!genome!
with! both! genotyping! arrays! and! massively! parallel! sequencing.! The! rapidly! growing!
technology! has! made! possible! the! hypothesis5free! identification! of! loci! influencing!
psychiatric!diseases!and!related!behavioral!phenotypes!towards!a!better!understanding!
of!the!etiology!of!disorders!that!represent!great!personal!and!societal!burdens.!!
!
The!etiology!and!pathophysiology!of!psychiatric!disorders!and!correlated!phenotypes!is!
largely!unknown.!For!this!reason!most!psychiatric!nosologies,!including!the!DSM!IV!and!
ICD510,!categorize!disorders!on!the!basis!of!clinical!observations!and!similarities!and!are!
still!far!from!classifying!behavior!on!the!basis!of!etiology.!!
Studies!have!shown!that!Axis! I!and! II!disorders!are!moderately!heritable,!and!that! the!
broad! genetic! structure! of! psychiatric! disorders! is! divided! into! internalizing,! including!
depression! and! anxiety! disorders,! and! externalizing! disorders,! including! antisocial!
personality!disorder!and!addictions! (Krueger,!1999;!Krueger!et!al,! 2001,!Kendler!et!al,!
2011).!Kendler!et!al!(2011)!recently!examined!a!twin!cohort!to!assess!aggregate!genetic!
effects!and!the!degree!of!sharing!of!all!genetic!risk!variants!across!psychiatric!disorders.!
Four! genetic! factors! were! identified:! axis! I! internalizing,! axis! II! internalizing,! axis! I!
externalizing,! axis! II! externalizing.! This! genetic! structure!may! also! explain!why! certain!
disorders,!belonging!to!the!same!factor,!tend!to!co5occur!in!the!same!individual!(Grant!
et!al,!2004;!Grant!et!al!2004;!Kessler!et!al,!1997).!Environmental!factors!as!well!appear!
to!play!a!role!in!predisposing!to!all!personality!disorders,!to!axis!I!internalizing!and!axis!I!
externalizing!disorders,!but!their!contribution!is!less!clear!(Kendler!et!al,!2011).!!
It!should!then!be!feasible!to!identify!the!genes!and!molecular!pathways!predisposing!to!
diseases! that! occur! across! all! human!populations,! and! to! improve! both! individualized!
prevention!and!treatment!and!ultimately!collective!health.!
!
Mode!of!inheritance!of!behavioral!phenotypes!
!
The! identification! of! genes! and! functional! variation! modulating! vulnerability! and!
resilience!has!been!challenging!because!of!the!complexity!of!behavioral!phenotypes!and!
because!of!how!these!are!constantly!modulated!by!an!everchanging!environment.!This!
complexity! includes! incomplete!penetrance,!phenocopies,!variable!expressivity,!gene!–!
environment!interactions,!polygenicity!and!epistasis!and!genetic!heterogeneity.!!
!
Under! a! polygenic/epistasis! model,! combinations! of! genetic! variants! determine! a!
phenotype.!In!contrast,!heterogeneity!indicates!how!different!genetic!variants!–!a!single!
one!may! be! sufficient5!may! lead! to! the! same! phenotype.! Twin! studies! are! helpful! in!
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disentangling!such!complexity!as!MZ!twins!share!all!the!alleles!and!DZ!twins!share!only!
on! average! half! alleles.! For! this! reason! epistatic! models! predict! higher!
monozygotic/dizygotic!concordance!ratios!(Ducci!and!Goldman!2012).!!In!facts,!multiple!
combinations!of!alleles!may!lead!to!the!same!phenotype!but!the!odds!that!DZ!twins!will!
inherit! a! combination! of! alleles! is! 0.5! raised! to! the! power! of! the! number! of! alleles!
involved!in!the!combination.!The!MZ/DZ!ratio!for!autism!appears!to!be!as!high!as!50:1,!
consistent! with! a! likely! epistatic! phenomenon.! On! the! contrary,! MZ/DZ! twin!
concordance!ratios!have!been!estimated!to!be!2:1!for!substance!use!disorders!(Goldman!
et! al,! 2005),! consistent! with! alleles! of! individual! effect! and! with! the! genetic!
heterogeneity!model.!
!
Complex! is! also! the! relationship! between! genes! and! environment! and! may! result! in!
gene5environment! interactions!or!gene5environment!correlations.!A!gene5environment!
interaction!occurs!when!the!genotype!modulates! the!effect!of! the!environment!on!an!
individual.! A! gene5environment! correlation! occurs!when! the! genotype! correlates!with!
the!probability!of!exposure!to!an!environmental!factor.!!
Finally,! genetic! and! environmental! factors! may! play! different! roles! in! different!
developmental!ages!and!across!lifespan.!For!example,!the!Virginia!Twin!Study!revealed!
that! in! early! adolescence! the! initiation! and! use! of! nicotine,! alcohol! and! cannabis! are!
strongly!determined!by!familial!and!societal!factors!that!gradually!decline!in!importance!
during! the! progression! to! young! and! middle! adulthood,! when! the! effects! of! genetic!
factors!become!maximal!(Kendler!et!al,!2008).!!
!
Common!variation!
!
Surveys! of! human! variation! have! been! until! now! dominated! by! high5density! arrays!
composed!by!common!single!nucleotide!polymorphisms!(SNPs)! (International!HapMap!
Consortium,! 2005;! Frazer! et! al,! 2007;! Li! et! al,! 2008).! In! particular,! Genome! Wide!
Association! (GWA)! studies! are! based! on! the! common! disease5common! variant!
hypothesis,!which!posits!that!common!complex!disorders!are!attributable!to!abundant!
(minor! allele! frequency! –!MAF! 5! >! 155%)! alleles! of! small! or!moderate! effects! (Lander,!
1996).!Via!GWA,!hundreds!of! independent!SNP!associations! (p!<!1!X!1058)! to!diseases!
and! other! phenotypes! have! been! identified! (Cirulli! and! Goldstein,! 2010! 5! National!
Human!Genome! Research! Institute! Catalogue! of! Published! Genome5Wide! Association!
Studies,!http://www.genome.gov/gwastudies/)!and!GWA!studies!have!been!undertaken!
for! most! common! human! diseases! and! related! traits! with! reasonable! levels! of!
heritability.! However!most! of! the! associations! identified! are! for! SNPs! that! have! very!
small!effect!sizes!and!the!proportion!of!heritability!explained!has!been!modest!(Cooper!
and!Shendure,!2011;!Gibson!et! al,! 2012).! Furthermore,! the! functional! loci! responsible!
for! the!associations!have!usually!not!been! identified!and!most!of! the!genetic!variance!
has! remained!unexplained! (Manolio!et!al,!2009).!This! limited! impact! is!exemplified!by!
very! large! studies! of! complex! disorders! such! as! type! 2! diabetes! mellitus! where! 18!
common! variants! were! found! to! explain! only! ~! 6%! of! increased! risk! among! relatives!
(Zeggini!et!al,!2008).!Height,!as!another!example,!is!a!highly!heritable!trait!(80590%)!for!
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which!GWA!has!been!conducted!in!samples!of!up!to!30,000!subjects!(Gudbjartsson!et!al,!
2008)! but! the! common! variants! that! have! been! identified! explain! 3.7%!of! population!
variation! in!height.!Even!massive!meta5analyses!of!GWAs!for!height!(Lango5Allen!et!al,!
2010)!and!body!mass!index!(Speliotes!et!al,!2010),!involving!thousands!and!hundreds!of!
thousands! individuals,!have!shown!that!an! increase! in!sample!size!will!not!explain!the!
majority!of!the!estimated!genetic!contribution!to!variation!in!height.!
Similarly,! for! what! concerns! behavioral! phenotypes,! a! meta5analysis! of! schizophrenia!
GWA!studies!that!include!a!total!of!~8,000!cases!and!~19,000!controls!identified!only!7!
SNPs,!with!an!odds!ratio!of!1.3!despite!a!heritability!for!schizophrenia!of!80585%!(Shi!et!
al,! 2009).! A! GWAS! of! neuroticism,! a! personality! trait! that! increases! the! likelihood! of!
internalizing!disorders,! such!as!depression!and!anxiety!disorders,!was! conducted!on!a!
sample!of!~!88,000!individuals!with!the!most!extreme!phenotypes,!but!failed!to!identify!
any!genome5wide!significant!loci!(Shifman!et!al,!2008).!Furthermore,!this!study!failed!to!
detect! –! at! a! genome5wide! level! –! the! influence! of! several! genes! that! have! been!
discovered!and!otherwise!validated!to!have!a!role!in!modulation!of!behavior.!A!GWA!on!
temperament,! measured! with! the! Temperament! and! Character! Inventory! and! with!
heritabilities! estimated! to! range! between! 30560%,! was! undertaken! in! an! Australian!
sample!of!5117!subjects!but!no!statistically!significant!loci!were!detected!(Verweij!et!al,!
2010).! A! GWAS! of! five! broad! dimensions! of! personality! (Revised! NEO! Personality!
Inventory!5!exploring!neuroticism,!extraversion,!openness!to!experience,!agreeableness!
and! conscientiousness5! McCrae! and! Costa,! 2003)! was! conducted! on! ~! 4000! subjects!
from!Sardinia,!a!population!isolate.!The!few!loci!identified,!at!sub5threshold!significance,!
explained!less!than!1%!of!the!variance!and!failed!to!replicate!in!an!independent!follow5
up!sample!(Terracciano!et!al,!2010).!In!some!cases!the!use!of!intermediate!phenotypes!
that! are! less! subject! of! environmental! perturbation! and! closer! to! the! function! of!
molecular!networks!appears!to!increase!the!power!of!GWA!(Hodgkinson!et!al,!2010).!
!
The! lack!of!genome5wide!significant! loci! for!heritable!traits!could!be!due!to!numerous!
factors!including!the!fact!that!heritability!may!be!predominantly!additive,!as!suggested!
by! the! ratios! of! trait! concordances! between! individuals! at! different! degrees! of!
relationship–! for! example! see! Goldman! et! al.! reviewing! the! MZ:DZ! ratios! for! ten!
different! addictive! disorders! (Goldman! et! al,! 2005).! It! is! also! possible! that! unique!
combinations!of!alleles!at!different!loci,!the!model!called!epistasis,!may!occur!and!lead!
to! the!manifestation! of! a! phenotype.! If! epistasis! does! occur,! it! may! be! necessary! to!
study! gene! x! gene! interactions! and! test! combinations! of! common! alleles.! It! is! also!
possible! that!parental5origin5specific!associations!may!be! important! (Kong!et!al,! 2009;!
Small! et! al,! 2011)! as! well! as! inheritance! of! DNA!methylation! patterns! (Daxinger! and!
Whitelaw!2012).!The!lack!of!significant!and!replicable!findings!may!as!well!be!due!to!a!
high!amount!of!genetic!heterogeneity.!!
In!most!cases!the!phenotypes!and!sampling!frameworks!in!the!GWA!studies!may!not!be!
equivalent! to! ones! used! in! the! heritability! studies,! although! in! some! instances,! for!
example! the! GWA! of! temperament! in! the! Australian! Twin! study! (Anokin! et! al,! 2011;!
Verweij!et!al,!2010),!the!context!was!the!same.!It!has!also!been!shown!how!the!effects!
of!genetic!variants!may!be!context5dependent,! leading! to! failures! to!detect! loci! in! the!
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absence! of! exposure,! or! in! the! presence! of! exposures! that! overwhelm! the! effects! of!
genes!(Goldman,!2010).!It!may!be!thus!troubling!to!identify!the!role!of!certain!genes!and!
variants! due! to! the! difficulty! to! quantitate! environmental! exposures! (different! types,!
levels!and!timings!of!exposures).!!
Finally,!the!difficulty!in!identifying!causal!loci!for!heritable!traits!may!arise!from!the!need!
for! larger! samples,! from! the! strategies! applied! or! as! is!most! likely,! a! combination! of!
factors.!
!
GWA! studies! provide! biological! insights! rather! than! predictive! power! and! new!
approaches! will! be! needed! to! account! for! more! of! the!missing! heritability,! including!
sequencing!studies!and!GWA!studies!targeting!variants!of!lower!frequency.!It!is!possible!
that!a!proportion!of! such! low5frequency!and! rare!causal!variation!will!map! to! the! loci!
already! identified! by! GWA! studies.! The! 1000! Genomes! Project! is! now! extending! the!
catalogue!of!the!known!common!variants!to!ones!with!a!frequency!of!approximately!1%!
[http://www.1000genomes.org/]!and!it!is!likely!that!the!inclusion!of!these!less!common!
polymorphisms!in!genotyping!arrays!will!enable!identification!of!new!associations.! It! is!
unlikely! though! that!GWAS!will! detect! the!effects!of! rare! alleles!unless! sample! size! is!
greatly! increased,! but! as! sample! size! is! increased! various! types! of! within5sample!
heterogeneity,! including! consistency! of! phenotyping,! ascertainment,! environmental!
exposure!and!genetic!background,!are!likely!to!detract!from!power.!!
!
Rare!variation!
!
Rare! genetic! variants! occur! at! a! frequency! of! <! 551%.! To! capture! rare! variants! it! is!
necessary! to! sequence! target! regions,! exomes! and! entire! genomes,! rather! than! only!
genotyping!catalogues!of!known!variants.!Such!“deep!sequencing”! is!enabled!by!next5
generation!sequencers!and!cost!and!workflow!of!massively!parallel!sequencing!is!rapidly!
improving.! Various! arguments! favor! the! study! of! rare! variation! to! understand! its!
implications!for!human!disease!and!personal!genomics.!Tennessen!et!al!(Science,!2012)!
and!Nelson!et!al! (Science,!2012)!have!recently!performed!deep!sequencing!of!exomes!
(which!comprises!152%!of! the!human!genome)! in!hundreds!of! individuals!of!European!
and! African! ancestry! and! of! 202! genes! that! are! putative! drug! targets! in! thousand! of!
individuals.!Importantly,!their!studies!show!that!most!of!the!genetic!variation!is!rare!and!
that!most!of!the!variants!that!occur!at!low!frequency!are!predicted!to!be!disruptive!and!
to! alter! protein! function.! Their! studies! suggest! that! the! rapid! population! growth! that!
occurred!starting!10,000!years!ago!and!weak!purifying!selection!may!be!responsible!for!
an!excess!of!potentially!damaging!variants! in! the!human!genome.! It! is! thus! likely! that!
rare! variation! may! play! an! important! role! in! human! phenotypic! heterogeneity! and!
disease! susceptibility! but! that! large! population! samples! will! be! required! to! establish!
causality.!It!also!emerges!from!these!studies!that!many!of!these!variants!are!population!
specific,! which! may! lead! to! problems! of! reproducibility! and! to! the! need! of! creating!
population5specific! catalogues! of! variants.! For! example,! in! cystic! fibrosis! (CFTR)! and!
breast! cancer! (BRCA1,! BRCA2)! hundreds! of! rare! disease! causing! variants! have! been!
identified!in!addition!to!variants!that!are!common!in!particular!populations!(Bobadilla!et!
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al,! 2002;! Szabo!et! al,! 2000).!Variants! that! are! identified!only! in!particular!populations!
may!confer!a!substantial!portion!of! the!risk! for!medical!genetic!diseases,! for!example,!
reduced!genetic!heterogeneity!as!been!demonstrated!for!the!Finnish!population,!where!
for!seventeen!Finnish!disease!alleles,!70%!of!disease!chromosomes!were!attributable!to!
a!single!allele!(Peltonen!et!al,!1999).!!
!
Whole! genome! and! exome! sequencing! have! been! successful! in! the! identification! of!
causal!variants!for!some!rare!Mendelian!diseases.!Ng!and!colleagues!(Ng!et!al,!2009),!in!
a!proof!of!concept!study,!identified!the!causal!gene!for!Freeman5Sheldon!syndrome!by!
exome!sequencing! four!unrelated!cases!and!eight! controls.! The!cause!of! this!disorder!
was!previously!known!but!the!authors!proved!that!by!exome!sequencing!it!was!possible!
to!reliably!identify!the!causal!gene,!MYH3.!MYH3!was!implicated!in!all!four!of!the!cases,!
by! an! indel,! non5synonymous! variant,! and! a! splice! site! variant,! and! in! none! of! the!
controls.! Via! exome! sequencing,! the! cause! of! another! rare! Mendelian! disease! was!
identified.!Ng!and!colleagues! (Ng!et!al,!2010)! sequenced! the!exomes!of! four!cases! (in!
three! independent! kindreds)! and! eight! controls! and! uncovered! the! cause! of! Miller!
syndrome,!DHODH,!by!identifying!genes!containing!non5synonymous!variants,!splice!site!
variants!and!coding!indels!present!in!cases!but!not!in!controls.!!
!
It! is! more! difficult! to! identify! genes! for! complex! disorders! by! deep! sequencing! and!
several!groups!are!working!on!defining!strategies!to!overcome!the!main!problem,!which!
is! that!the!rarity!of!variants!makes! it!difficult! to!establish!causality.!Although! it!will!be!
possible! in! the! near! future! to! perform!whole! genome! sequencing! on! all! subjects! in! a!
disease!cohort,!at!the!moment!it!is!more!affordable!to!perform!exome!sequencing!and!
to! survey! variation! in! all! protein5coding! genes.! For! example,! the!National!Heart,! Lung!
and!Blood! Institute!has!sponsored!the!multicenter!Exome!Sequencing!Project! that!has!
the! scope! of! identifying! genes! and!molecular!mechanisms! underlying! complex! heart,!
lung!and!blood!disorders.!!
!
Different!strategies!may!include!sequencing!of!cases!and!controls,!extended!families!or!
trios,!extreme!phenotype!sampling,!or!the!study!of!population!isolates.!!
Case/control! studies! are! the!most! straightforward! in! terms!of! analysis! but! do! require!
higher!number!of!subjects!to! increase!power,!and!cannot!give! information!on!de'novo!
variants.!
However,!many!rare,!disease5causing!variants!are!specific!to!families!or!populations.!For!
the!majority! of! disease! causing! variants! that! are! not!de' novo,! the! study! of! extended!
families! leads! to! observation! of! multiple! instantiations! of! the! same! genotype.! For!
example,! in! the! first! degree! relative! of! an! individual!with! a! rare! autosomal! dominant!
allele! the! frequency!of! the!allele! is!approximately!25%,!and!approximately!50%!of! the!
first5degree! relatives! are! carriers.! For! family5focused! sequencing,! ones! with! multiple!
affected!individuals!can!be!selected,!the!model!being!the!type!of!analyses!performed!for!
rare! Mendelian! diseases! such! as! Miller! Syndrome.! An! important! test! is! the! co5
segregation!of! variant!with!phenotype! in! the! same! family.! This! testing! is! essentially! a!
meiotic!linkage!test.!In!families!enriched!for!a!certain!phenotype,!another!approach!is!to!
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sequence! the! most! distantly! related! individuals! as! these! individuals! will! share! fewer!
genetic!variants! than!the!more!closely!related,!however!they!may!not!share!the!same!
environment!and!the!abundance!of!the!complex!disease!phenotypes!presents!a!serious!
obstacle.!The!“same”!phenotype!in!distantly!related,!and!even!closely!related,!relatives!
may!be!attributable!to!the!influence!of!different!genes.!!
Family! based! analysis!may! also! be! implemented! to! identify!de' novo! variants:! parent5
offspring! trios! are! sequenced! to! identify! candidate! genes! for! complex! traits.! For!
example,! for!what! concerns! behavioral! phenotypes,! this! strategy! has! been! applied! to!
identify!de'novo! point!mutations! in! families!with! individuals!with!an!autism! spectrum!
disorder! (ASD)!and! their!unaffected! relatives! (O’Roak!et!al,!2012;!Sanders!et!al,!2012;!
Neale! et! al,! 2012).! Interestingly! the! recent! findings! of! the! three! studies! identified!
disruptive!de'novo!non5synonymous!in!multiple!genes!highlighting!the!heterogeneity!of!
the! genetic! contribution! to! ASD.! These! observations! suggest! that! behavior! and!
behavioral! diseases! will! not! be! “solved”! by! a! one5to5one! correspondence! of! gene! to!
behavior!as!currently!defined.!!
By! sequencing! phenotypically! extreme! individuals! a! larger! sample! of! rare! functional!
variants!can!be!more!efficiently!accumulated.!A!variant!of!large!effect!at!low!frequency!
may!be!enriched!in!frequency!in!such!a!sample,!as!well!as!rare!variants!in!the!same!gene!
affecting! the! phenotype.! Genes! enriched! for! rare! variants! in! extreme! individuals! will!
implicate!this!gene!even!if!the!number!of!sequenced!genomes!is!low,!as!for!example!in!
the! identification! of! causal! variants! by!whole5genome! or!whole5exome! sequencing! of!
Mendelian!diseases.!Ng!et!al! identified!the!cause!of!Mendelian!diseases!by! identifying!
genes!that!were!enriched!for!rare!variants,!not!necessarily!the!same!ones!in!each!case,!
in! a! very! small! number! of! cases! and! controls.! Follow5up! in! family! members! of! the!
extreme!individuals!sequenced!will!be! important!to!confirm!potentially!causal!variants!
through!segregation!analysis.!!
Finally,! the! genetic! heterogeneity! of! medical! genetic! diseases! is! greatly! reduced! in!
founder!populations.!
!
To! complicate! the! discovery! process,! as! discussed! earlier,! heterogeneity,! a! model! of!
genetic!determinism!in!which!different!alleles! lead!to!the!same!phenotype!in!different!
individuals,! but! an! individual! allele! can! suffice! to! produce! the! phenotype,!may!play! a!
role.! The! identification! of! rare! variants! causing! complex! phenotypes! may! further! be!
complicated! by! gene! X! gene! interactions,! a! phenomenon! also! known! as! epistasis;! if!
epistasis! were! the! basis! of! complexity,! it! would! be! necessary! to! sequence! very! large!
samples! to! find! individuals! with! the! same! genotype! combination! and! the! number! of!
comparisons! would! increase! with! the! number! of! interactions.! Finally,! gene! X!
environment! interactions! and! epigenetics!may! both! elicit! the! function! of! a! gene!or! it!
may!overcome!the!effects!of!genetic!variation.!
'
Intermediate!phenotypes!
!
One!strategy!to!detect!gene!effects!in!complex!phenotypes!is!the!deconstruction!of!such!
phenotypes!to!intermediate!phenotypes!and!endophenotypes,!which!are!heritable!and!
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disease!associated! intermediate!phenotypes.!These!are!elements! that!are!etiologically!
less!complex!and!more!closely!related!to!gene!function!(Goldman!and!Ducci,!2007).!
Intermediate! phenotypes! include! neuropsychological,! neuroendocrinologic,!
electrophysiologic!and!neuroimaging!measures.!Neuroimaging,!for!example,!can!access!
neuronal!mechanisms! underlying! cognition,! emotion,! reward! and! stress! and! all! those!
neuronal!mechanisms!that!may!play!a!role! in!behavior.!Effect!sizes!of!genetic!variants!
associated!with!intermediate!phenotypes!are!larger!than!the!effects!on!complex!disease!
phenotypes,!maybe!reflecting!more!closely!the!effects!of!genes.!!
!
!
2. IMPULSIVITY!
Bevilacqua!L,!Goldman'D.'Genetics'of'impulsive'behavior.'Phil.'Trans.'Roy.'Soc.'B.'2013,'
368(1615):'20120380'
!
Impulsivity! is! the! tendency! to! act! without! foresight.! It! is! an! intermediate! phenotype!
associated!with!many!psychiatric!externalizing!disorders!including!addictions,!attention!
deficit/hyperactivity!disorder!(ADHD),!bipolar!disorder!and!personality!disorders!such!as!
borderline! personality! disorder! (BPD)! and! antisocial! personality! disorder! (ASPD).! The!
fourth! edition! of! the!Diagnostic! and! Statistical!Manual! (text! revision)! also! identifies! a!
group!of!psychiatric! illnesses! that!are!collectively!defined!as! impulse!control!disorders!
not!elsewhere!classified.!These!include!intermittent!explosive!disorder!(IED),!pyromania,!
kleptomania,! pathological! gambling! and! trichotillomania.! Finally,! impulsivity! is!
associated!with!suicidal!behavior,!aggressiveness!and!with!certain!forms!of!criminality.!
Impulsive!behavior!is!not!always!maladaptive!and!is!advantageous!in!situations!in!which!
it!is!important!to!respond!rapidly!and!to!take!advantage!of!unexpected!opportunities.!!
As! with! many! behavioral! constructs,! impulsivity! is! multifaceted! and! encompasses!
behavior!due!to!inadequately!sampled!sensory!evidence!(attentional!impulsivity),!failure!
of!motor!inhibition!(impulsive!action),!the!tendency!to!accept!small!immediate!rewards!
versus!large!delayed!or!unlikely!ones!(impulsive!choice!or!non5planning!impulsivity)!and!
risky!behavior! in!the!context!of!decision5making!(Evenden,!1999).! Impulsivity!may!also!
be! expressed! in! various! forms,! including! aggression.! This! rich! variety! of! modes! of!
expression!suggests!that!impulsivity!is!not!a!unitary!construct.!Defining!different!forms!
of!impulsivity!could!advance!understanding!of!the!neurobiological!basis!of!diseases!for!
which!impulsivity!is!a!component.!!
!
Heritability!of!impulsivity!!
!
Impulsivity!is!moderately!heritable!(Coccaro!et!al,!1993)!as!are!disorders!with!which!it!is!
associated! (Hicks! et! al,! 2004;! Kendler! et! al,! 2008).! The! heritability! of! self5reported!
measures! of! impulsivity! from! the! Karolinska! and! the! control! scale! of! the! MPQ!
questionnaire!is!approximately!45%!(Hur!et!al,!1997;!Pedersen!et!al!1988).!Impulsivity5
related!measures!from!the!revised!form!of!the!EPQ!and!the!TCI!are!approximately!50%!
heritable!(Keller!et!al,!2005;!Zietsch!et!al,!2010).!Impulsivity,!measured!with!the!BIS511,!
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but! not! sensation! seeking,! was! significantly! elevated! in! siblings! of! stimulant! abusers!
compared!to!controls!(Ersche!et!al,!2010).!!
!
Concerning! behavioral! measures! of! impulsivity,! the! heritability! of! responses! on! the!
delayed! discounting! task! was! evaluated! in! a! longitudinal! twin! study! (Anokhin! et! al,!
2011).! Heritability! increased! from! 30%! to! 51%! from! age! 12! to! age! 14! suggesting! an!
increasing! role! of! genetic! influence! with! age.! In! the! same! cohort,! BART! measures!
predicted!risk5taking!during!the!passage!from!early!to!mid!adolescence,!vulnerability!to!
substance!abuse,!accidents!and!violence!increasing!rapidly!during!this!interval!(Anokhin!
et!al,!2009).!There!appeared!to!be!a!major!gender!difference.!At!age!12!heritability!of!
risk5taking!was!modest!but!significant!in!both!sexes;!at!age!14!heritability!of!risk5taking!
increased!from!28%!to!55%!in!males!but!went!from!17%!to!non5significant!in!females.!
!
Animal! models! would! seem! to! be! ideally! suited! to! measure! the! heritability! of!
impulsivity.! Impulsivity! does! appear! to! correlate! with! heritable! variation! in! serotonin!
metabolism! in! the! rhesus! macaque! (Higley! et! al,! 1993),! as! it! also! does! in! humans!
(Limson! et! al,! 1991).! Rodent! genetic! studies! have! frequently! focused! on! related!
phenotypes,!such!as!aggression.!!
!
Measurements!of!impulsivity!
!
Constructs!of!impulsivity!ultimately!depend!on!measures,!and!reciprocally,!measures!of!
impulsivity! have! been! developed! to! assess! certain! constructs.! There! are! a! variety! of!
distinct! measures! of! impulsivity,! which! may! access! different! components! of!
psychobiology,! and! these!measures! also! have! analogues! in! animal! behavioral!models!
(for!a!review!see!Daley!et!al,!2011;!Winstanley!et!al,!2011).!
!
Delayed!(or!Delay)!discounting!of!reward!–!impulsive!choice!
!
Impulsive! choice! occurs! when! an! individual,! or! animal,! preferentially! chooses! an!
immediately!available!small!reward!rather!than!enduring!delay!for!a!larger!one!(Bickel!et!
al,! 1999;! Reynolds! et! al,! 2009).! The! human! and! the! animal! delayed! discounting!
paradigm! may! be! comparable! in! that! they! both! measure! the! discounting! of! reward!
against!a!temporal!delay.! In!humans!many!versions!of!this!paradigm!have!been!tested!
(Anhokin! et! al,! 2011;! Reynolds! and! Schiffbauer,! 2004;! Schweitzer! and! Sulzer5Azaroff,!
1995)! in!which!individuals!experience!actual!delays,!however,! in!tests!as!the!Kirby!test!
(Kirby! and! Petri,! 2004)! the! delay! is! not! actually! experienced! and! is! replaced! by! an!
imaginary! time! interval:! e.g.!would' you' prefer' 33' dollars' today' or' 80' dollars' after' 14'
days?! There! are! several! important! caveats! in! interpreting! delayed! discounting.! It! has!
been! observed! that! lower! socioeconomic! status! (SES)! of! their! families! predicts! the!
tendency! of! adolescents! to! place! higher! value! on! immediate! reward! (Anhokin! et! al,!
2011)! and!SES!has! therefore!been!used!as! a! covariate.! In! certain! situations! it!may!be!
safer! to! place! a! higher! value! on! immediate! reward! rather! than! the! larger,! uncertain!
reward,!which!may!actually!represent!a!gamble!against!future!unpredictable!events.!The!
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valuation!of!immediate!reward!is!also!influenced!by!immediate!need.!However,!when!it!
has! been! applied! in! appropriate! contexts,! delayed! discounting! has! been! observed! to!
relate!with!other!measures!of!impulsivity.!For!example!de!Wit!et!al.!(2007)!found!that!in!
humans! preference! for! immediate! rewards! was! positively! correlated! with! the! non5
planning!impulsiveness!subscale!of!the!Barratt!Impulsiveness!Scale!(BIS)!(Barratt,!1965).!
Individuals! with! a! high! rate! of! delayed! discounting! tend! to! discount! longer5term!
consequences!of!their!decisions!and!actions,!and!their!behavior!is!largely!driven!by!the!
prospect! of! immediate! gratification! rather! than! the! pursuit! of! long5term! goals.!
Individual! differences! in! delayed! discounting! of! reward! have! been! associated! with!
addiction! (de!Wit,! 2009;! Perry! and! Carroll,! 2008),! and! animal! studies! have! shown! an!
association! between! reward! discounting! and! alcohol! preference! and! rates! of! cocaine!
self5administration!(Perry!and!Carroll,!2008;!Vardejo5Garcia!et!al,!2008).!!
!!
The! neurobiological! bases! of! delayed! discounting! implicate! the! core! of! the! nucleus!
accumbens! (NAcc).! Excitotoxic! lesions! of! the! NAcc! core! determine! a! shift! towards!
immediate!small!rewards!(Cardinal!et!al,!2001).!This!subregion!of!the!NAcc!is!part!of!a!
larger! network! including! the! amygdala! and! the! prefrontal! cortex! (PFC).! In! the!
orbitofrontal!cortex!(OFC)!an!increased!release!of!dopamine!has!been!observed!during!
the!choice!phase!of! the!delayed!discounting!task! (Winstanley!et!al,!2006).!Choice!of!a!
monetary! reward! or! juice! or! water! is! associated! with! an! increase! in! activity! of! the!
ventral! striatum! and! the! medial! PFC! (mPFC)! (Kable! and! Glimcher,! 2009),! while! in!
contrast!the!choice!for!a!delayed!option!was!associated!with!higher!activity!in!the!lateral!
PFC!and!OFC!(Hariri!et!al,!2006).!
!
DecisionBmaking!
!
Delayed!discounting!may!contribute!to!the!performance!on!complex!behavioral!tasks!to!
assess!risky!decision5making.!In!the!human,!risky!decision5making!has!been!investigated!
using!the!Balloon!Analogue!Risk!Task!(BART)!(Lejuez!et!al,!2002)!and!the!Iowa!Gambling!
task! (IGT)! (Bechara! et! al,! 1994).! During! the! BART! subjects! earn!money! by! inflating! a!
balloon!displayed!on!a!computer!screen.!At!every!mouse!click!the!balloon!inflates!and!
money!is!gained,!until!the!balloon!pops!and!all!the!savings!are!lost.!The!subject!can!stop!
inflating!the!balloon!at!any!time!and!save!the!money!gained.!BART!measures,!including!
numbers! of! popped! balloons! and!mouse! clicks,! correlate!with! drug! use! (Hopko! et! al,!
2006)!and!with!sensation!seeking!and!impulsivity!measured!with!the!BIS!or!the!Eysenck!
impulsiveness!scale! (Bornovalova!et!al,!2009;!Eysenck!and!Eysenck,!1985;!Lejuez!et!al,!
2002).!Other!studies!though!failed!to!replicate!the!association!with!the!BIS!(Hunt!et!al,!
2005).!!
The!IGT!involves!choices!between!larger!money!gains!associated!with!higher!risk!versus!
lower! gains! that! over! time! are! more! advantageous.! The! OFC,! mPFC,! amygdala! and!
anterior! cingulate! cortex! (ACC)! are! implicated! in! decision5making! during! the! IGT!
(Bechara,!2004;!Li!et!al,!2010).!Similar!regional!activations!have!been!described!for!the!
BART!(Rao!et!al,!2009).!As!previously!discussed,!most!animal!models!of! risky!decision5
making!deal!with!the!failure!to!win!any!additional!gain!(eg.!smaller!but!certain!vs!larger!
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but!uncertain!rewards).!Zeeb!et!al.!(2009)!have!conceptualized!a!novel!rat!gambling!task!
(rGT),! in! part! based! on! the! IGT,! where! animals! “play! the! odds”! and! chose! between!
multiple!outcomes!based!on!both!the!size!of! the!expected!reward!and!the!probability!
and! magnitude! of! expected! punishment,! which! consists! of! time! out! periods! during!
which!rats!cannot!earn!reward.!It!is!however!to!be!remembered!that!food!rewards!are!
used!in!these!tasks!and!the!animal!will!always!record!a!positive!gain!by!the!end!of!the!
task.! This! model! has! been! used! to! analyze! the! effect! of! both! serotonergic! and!
dopaminergic!agents!and!to!study!the!biological!basis!of!gambling.!
!
Motor!inhibition!–!action!cancellation!
!
The!Stop!Signal!Reaction!Time! task! (SSRT)! (Logan,!1994)!measures! the!ability! to!exert!
volitional! control! over! a! response! that! has! already! been! initiated! rather! than! choice!
selection.!It!comprises!a!primary!go!cue!and!a!secondary!stop!cue.!Generally!the!go!cue!
is!a!visual!stimulus,!which!prompts!subjects!to!give!a!response,!but!on!a!proportion!of!
the!trials!the!subject!receives!an!auditory!stop!signal!that!indicates!that!the!subject!has!
to!cancel!responding!to!the!cue.!The!stop!signal!occurs!after!different!delays!following!
the!primary!go!cue.!It!is!much!more!difficult!for!the!subjects!to!cancel!the!response!as!
the! delay! increases.! Longer! stop5signal! reaction! times! are! positively! associated! with!
higher!scores!on!the!impulsivity!subscale!of!the!Eysenck!Personality!Inventory!(Logan!et!
al,! 1997).! ADHD! is! characterized! by! poor! behavioral! control! and! children! with! ADHD!
showed! impairment!on!this!task!(Tannock!et!al,!1989).!Their!symptoms!were!reversed!
by!the!use!of!methylphenidate,!a!psychomotor!stimulant!used!in!the!treatment!of!ADHD!
(Tannock!et!al,!1989).!
The!Go/No!go!is!a!classic!neuropsychological!task!in!which!the!subject!has!to!respond!to!
correct!stimuli! [go]!and!withhold!response!to! incorrect!stimuli! (no!go)! (Newman!et!al,!
1985).! The! Go/No! go! and! SSRT! tasks! are! similar! in! that! they!measure! inhibition! of! a!
prepotent!response,!but!differ!in!that!the!Go/No!go!task!requires!subjects!to!execute!or!
inhibit!a! response!and!the!SSRT! task! requires!subjects! to! inhibit!a! response! they!have!
already! initiated.! No! significant! correlation! is! described! between! the! BIS! and! the!
Eysenck! impulsiveness! scale! and! the! behavioral! performance! on! the! Go/No! go! task!
(Dom!et!al,!2006;!Horn!et!al,!2003).!!
Some!studies! (Reynolds!et!al,!2006)!describe!a!correlation!between!these! tasks,!while!
other!studies!do!not!find!a!significant!correlation!between!the!two!(Cheung!et!al,!2004),!
suggesting!that!they!may!be!assessing!different!aspects!of!impulsivity.!
Classically!the!PFC!has!been!implicated!in!Go/No!go!responding!and!the!OFC!has!been!
related! to!disinhibition! (Berlin! and!Bohlin,! 2002).! The! role! of! the! right! inferior! frontal!
gyrus!(RIFG),!associated!with!impulsive!behavior!in!healthy!subjects!and!ADHD!(Casey!et!
al,!2007)!is!controversial!(Aron,!2010;!Dodds!et!al,!2010).!
!
Premature! responding! on! the! 5Bchoice! serial! reaction! time! task! –! attentional!
impulsivity!
!
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The!55choice!serial! reaction! time! task! (5CSRTT)!measures! impulsivity! in! the!context!of!
general!attentional!capacity! in!rodents! (Robbins,!2002).!The!5CSRTT!was!based!on!the!
Continuous!Performance!Test!(CPT)!used!for!measuring!sustained!attention! in!humans!
(Rosvold!et!al,!1956).!In!the!CPT,!participants!view!characters!displayed!on!a!computer!
screen!and!respond!when!the!characters!match!a!target!stimulus.!Errors!occur!when!the!
subject! responds!positively! even! though! sequences!do!not!match!perfectly.! The!error!
occurs!when!the!subject!responds!prematurely!before!processing!the!full!sequence.!CPT!
performance! has! been! linked! to! BIS! scores! (Krishnan5Sarin! et! al,! 2007;! Swann! et! al,!
2002)!and!to!the!number!of!diagnostic!ADHD!symptoms!(Epstein!et!al,!2003).!The!5CSRT!
requires!the!rodent!to!respond!to!a!visual!stimulus!presented!in!one!of!5!locations.!The!
rodent!has!to!respond!to!the!correct!location!in!order!to!earn!food!reward.!Premature!
responses!indicate!the!rodent’s!inability!to!wait!for!the!correct!stimulus!and!are!thought!
to! be! analogous! to! errors! made! on! the! CPT.! Lesions! of! the! NAcc! core! contribute! to!
premature!responses!in!the!5CSRTT!(Murphy!et!al,!2008).!
!
Self!reported!impulsivity!in!humans!
!
In!humans! impulsivity!may!be!assessed!by! self5report!questionnaires,! for!example! the!
Barratt! Impulsivity!Scale!(BIS511)!(Stanford!et!al,!2007),!the!UPPS5P!Impulsive!Behavior!
Scale!(IBS)!(Whiteside!and!Lynam,!2001),!the!Impulsivity!Rating!Scale!(IRS)!(Lecrubier!et!
al,! 1995),! the! Karolinska! Scale! of! Personality! impulsivity! subscale! (Gustavsson,! 2000),!
the! Eysenck! Personality! Questionnaire! (EPQ)! (Eysenck! and! Eysenck,! 1985),! the!
Temperament! and! Character! Inventory! (TCI)! (Cloninger! et! al,! 1991),! the!
Multidimensional!Personality!Questionnaire!(MPQ)!(Tellegen!and!Waller,!1994)!and!the!
Buss!Durkee!Hostility!Inventory!(Buss!and!Durkee,!1957)!(see!Evenden,!1999!for!review).!
These! self5report! measures,! as! previously! described,! often! fail! to! correlate! with!
experimental! measures! suggesting! either! that! they! are! assessing! different! aspects! of!
impulsivity!or!perhaps!a!difference!in!accuracy.!Self5report!scales!are!more!reflective!of!
subjective!view!that!an!individual!has!of!his!own!behavior,!however!some!progress!has!
also!been!made!in!relating!such!measures!to!differences!in!brain!function.!As!described!
earlier,!no!association!was! found!between! the!BIS!and! the! impulsivity! subscale!of! the!
EPQ! with! the! Go/No! go! task! in! healthy! individuals! (Horn! et! al,! 2003).! Despite! this!
negative!finding,!significant!associations!were!identified!between!high!impulsivity!scores!
on! the!EPQ!and! the!BIS!and!activation!of!paralimbic!areas,! including! the! right! inferior!
frontal!gyrus!and!right!insula,!and!the!left!superior!temporal!gyrus,!respectively!(Horn!et!
al,! 2003).! This! study! reveals! a! lack! of! correlation! between! different! measures! of!
impulsivity! but! also! shows! how! different! self5report! questionnaires! may! address!
different!aspects!of!behavior!and!produce!different!results!when!associated!with!brain!
activation!during!behavioral! inhibition.!Similarly,! the!BIS!did!not!show!correlation!with!
performance! data! on! the! Go/No! go! task,! but! a! negative! correlation! was! observed!
between! the! motor! impulsiveness! of! BIS! and! No! go! related! activation! in! the! right!
dorsolateral! prefrontal! cortex! (Asahi! et! al,! 2004).! Impulsivity,!measured!with! the! BIS,!
correlated! positively! with! bilateral! ventral! amygdala,! dorsal! anterior! cingulate! and!
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caudate! activations! and! inversely! with! activity! in! the! bilateral! ventral! PFC! and! right!
dorsal!amygdala!in!healthy!subjects!(Brown!et!al,!2006).!!
Sripada!et!al.! (2011)!observed! that! trait! impulsivity!measured!with! the!BIS!moderates!
activity! in! the! mPFC! in! the! contest! of! a! delayed! discounting! task,! consistent! with!
previous! studies! that! describe! activation! of! the! mPFC! during! decision! making! (de!
Quervain! et! al,! 2004;! Moll! et! al,! 2006).! A! study! by! Lee! et! al.! (2009)! explored! the!
association!between!scores!on!the!BIS!and!striatal!D2/D3!receptor!availability!assessed!
by! positron! emission! tomography! in! both! healthy! controls! and! methamphetamine!
dependent!individuals.!A!negative!association!between!D2/D3!receptor!availability!and!
impulsivity! was! detected! in! the! group! of! addicts,! consistent! with! the! role! of! these!
dopamine!receptors!in!impulsivity.!
!
For! the!purpose!of!gene!discovery!and!candidate!gene!studies,!behaviorally!measured!
aggression! has! previously! shown! a! strong! relationship! with! biological! predictors.!
Aggression!can!be!instrumental,!purposeful!and!goal!oriented,!or!defined!as!reactive!or!
impulsive! (Nelson! and! Trainor,! 2007;! Seroczynski! et! al,! 1999).! ASPD,! BPD! or! IED! are!
disorders! that! share! genetic! risk! for! impulsive! aggression! (Kendler! et! al,! 2008).! The!
Brown5Goodwin!Lifetime!History!of!Aggression!(BGHA)!instrument!(Brown!et!al,!1979)!is'
an! 115item! questionnaire! that! assesses! lifetime! aggressive! behavior! by! counting! the!
number!of!times!each!type!of!aggressive!behavior!occurred.!Episodes!measured!include!
temper!tantrums,!and!violence!against!self,!property!and!others!(including!authority)!in!
various!social!contexts!including!family,!school!and!work.!BGHA!aggression!is!predicted!
by! higher! testosterone! in! men! (Virkkunen! et! al,! 1994)! and! also! has! been! related! to!
functional!variation!of!the!MAOA!gene.!The!MAOA!gene!was!observed!to!interact!with!
testosterone!levels!to!predict!aggressive!behavior!measured!with!the!BGHA!(Sjoberg!et!
al,! 2008),! and!FKBP5,!which!encodes!a!protein! involved! in! cortisol! response,! interacts!
with!stress!exposure!to!predict!BGHA!scores!(Bevilacqua!et!al,!2012).!
!
Genes!influencing!impulsivity!!
!
Pharmacobehavioral! studies! have! implicated! several! neurotransmitters! in! impulsivity,!
and!several!genes!associated!with!impulsivity!alter!function!of!these!neurotransmitters.!!
!
Dopamine!and!serotonin!releasing!neurons!are!prominent!in!brain!regions!that!regulate!
impulse! control.! Dysregulated! activity! of! the!monoamine! neurotransmitters! has! been!
demonstrated! to! be! involved! in! impulsivity! in! neuropharmacological,! gene! knock5out,!
and! genetic! association! studies.! The! genes! discussed! here! alter! monoamine!
neurotransmitters!function,!have!been!associated!with!impulsivity/aggression!and!have!
in!some!cases!been!tested!for!association!with!responses!to!laboratory!behavioral!tasks!
probing!impulsivity!in!humans.!
!
Serotonin!is!the!molecule!that!has!been!most!consistently!associated!with!impulsivity,!in!
particular!as!manifested!as! impulsive!aggression!and!suicide.!Serotonin!was!associated!
with! aggression! and! impulsivity! by! neurochemical! and! neurobehavioral! studies! in!
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humans!and! in!animal!models! (Chiavegatto!et!al,!2001;!Linnoila!et!al,!1983;!Virkkunen!
and! Linnoila,! 1993).! Linnoila! and! colleagues! examined! serotonergic! biomarkers! in!
violent! offenders! and! alcoholics.! They! found! that! CSF! 55HIAA! was! reduced! only! in!
individuals!whose!aggressive!behavior!and!violence!was!impulsive!rather!than!those!in!
whom!it!was!premeditated.! In!rodent!models,!manipulations!that! lower!55HT!signaling!
increase! impulsivity! and! aggression! Chiavegatto! et! al,! 2001),! while! increasing! 55HT!
activity!with!55HT!precursors,!55HT!reuptake!inhibitors!or!55HT1A!and!55HT1B!receptor!
agonists!can!reduce!aggressive!behavior!in!rodents!(Chiavegatto!et!al,!2001;!Linnoila!et!
al,!1983;!Virkkunen!and!Linnoila,!1993;!Miczek!and!de!Almeida,!2001).!!
The!tryptophan!hydroxylase!2!(TPH2)!gene!encodes!for!the!enzyme!which!catalyzes!the!
rate5limiting! step! for! brain! serotonin! biosynthesis,! and! a! TPH2! haplotype! predicts!
decreased!cerebrospinal! fluid! levels!of! the!serotonin!metabolite!55hydroxyindoleacetic!
acid!and!suicide!attempt!(Zhou!et!al,!2005).!!
The! MAOA! gene,! encoding! monoamine5oxidase! A,! an! enzyme! that! metabolizes!
monoamine!neurotransmitters,!has!been!shown!to!play!a!role!in!modulating!aggression:!
Brunner!and!colleagues!(1993)!discovered!an!MAOA!stop!codon!that!produces!complete!
deficiency! of! MAOA! activity! in! hemizygous! males! and! co5segregates! with! severe!
impulsivity! in! one!Dutch! family.! It! has! also! been!observed! that!MAOA! knockout!mice!
have!higher!levels!of!monoamines!and!increased!aggressive!behavior!(Cases!et!al,!1998).!
A! functional! variable! number! tandem! repeat! in! the!MAOA! regulatory! region! (MAOAD
LPR)!has!been!identified!with!increased!enzyme!expression!for!the!carriers!of!the!3.554!
repeat!alleles!(high!expression,!H,!alleles)!and!lower!expression!for!the!2,!3!and!5!alleles!
carriers!(low!expression,!L,!alleles).!The!MAOA5L!allele!modulates!the!effect!of!childhood!
adverse! events! increasing! vulnerability! to! develop! antisocial! behavior! in! adulthood!
(Caspi!et!al,!2002;!Ducci!et!al,!2007).!!
Individual!differences! in!serotonin!1A!receptor!binding!have!been!associated!with! life5
time!aggression! (Parsey!et! al,! 2002).!A! functional!HTR1A! SNP! (rs6295)!was!associated!
with!both!BIS!and!EPQ!scores!in!a!population!sample!(Benko!et!al,!2010).!The!serotonin!
receptor!1B!gene! (HTR1B)! is! located!at! the! location!of! several!mouse!alcohol!QTLs!on!
chromosome! 9! and! gene5knockout! studies! performed! in! mice! implicated! the! HTR1B!
gene!in!both!alcohol!preference!and!aggression!(Crabbe!et!al,!1996;!Soyka!et!al,!2004).!
In!humans,!a!non5synonymous!mutation! (Gly861Cys)! in! the!HTR1B!gene!was! linked!to!
antisocial! alcoholism! in! two! independent! populations,! including! a! Finnish! violent!
offenders!cohort!(Lappalainen!et!al,!1998).!!
Many!pharmacological! studies!with! serotonin!2A,! 2B! and!2C! antagonists! and!agonists!
have!implicated!these!receptors!in!impulsive!behavior!(Talpos!et!al,!2006).!Two!subunits!
of!serotonin!type!3!receptors,!3A!and!3B,!have!so!far!been! identified;!variation!within!
the!HTR3B! gene! was! associated! with! alcohol! use! disorder! in! comorbidity! with! ASPD!
(Ducci!et!al,!2009).!!
A! common! polymorphism! (HTTLPR)! is! located! upstream! of! the! serotonin! transporter!
gene!(SLC6A4):!a!145repeat!allele!(S)!reduces!transcriptional!efficiency!compared!to!the!
16! repeat!allele! (L)!or! the! L!allele! containing!a!G! substitution! (Hu!et!al,! 2006).! Stress5
modified!associations!have!been!reported!also!for!this!polymorphism!to!suicidality!Caspi!
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et!al,!2003;!Roy!et!al,!2007)!and!HTTLPR'was!associated!with!trait!impulsivity!measured!
with!the!BIS!(Sakado!et!al,!2003).'
!
Dopamine!regulates!cognitive!function,!attention!and!responses!to!reward,!all!of!which!
are! factors! in! impulsivity.! Decreased! levels! of! D2! receptor! in! the! NAcc! predict!
spontaneous! impulsivity! in! rats! (Everitt! et! al,! 2008).! Variation! in! the! dopamine!
transporter! gene! (SLC6A3)! has! been! shown! to! moderate! risk! for! ADHD,! which! is!
characterized!by!both!hyperactivity!and! impulsivity! (Faraone!and!Mick,!2005;!Paloyelis!
et!al,!2010).!The!dopamine!transporter!is!also!the!target!of!stimulant!compounds!such!
as!methylphenidate,!which!reduces!symptoms!of!behavioral!disinhibition! in!ADHD!and!
also!improves!the!performance!to!the!SSRT!in!healthy!individuals!and!adults!with!ADHD!
(Aron!et!al,!2003;!Nandam!et!al,!2011).!There!is!also!evidence!of!an!association!between!
increased!risk!of!ADHD!and!variation! in! the!dopamine!D4!receptor!gene! (Faraone!and!
Mick,! 2005).!However,! a! recent!GWAS!of!ADHD! (Neale! et! al,! 2010)! revealed!no! locus!
significant!at!the!genome5wide!level.!This!study!may!have!been!stymied!by!etiologic!and!
genetic!heterogeneity,!or!by! rare!alleles! and! short! tandem! repeat! (STR)! alleles!whose!
effects!are!poorly!detected!by!GWAS.!!
!
As!illustrated!by!multivalent!effects!of!polymorphisms!such!as!COMT!Val158Met,!which!
has! countervailing! effects! of! executive! cognitive! function! (Egan! et! al,! 2001)! and!
anxiety/stress!response!(Zubieta!et!al,!2003)!and!pain!(Zubieta!et!al,!2003;!Diatchenko!
et! al,! 2005)! probably! both! mediated! by! alteration! of! levels! of! dopamine! and! other!
monamine!neurotransmitters,!most!genes!that!alter!brain!function!affect!the!function!of!
multiple!circuits!and!may!have!effects!elsewhere!in!the!body,!a!phenomenon!known!as!
pleiotropy.!!
!
!
3. IDENTIFCATION! OF! GENETIC! VARIATION! PREDISPOSING! TO! IMPULSIVE!
BEHAVIOR!
!
Bevilacqua!L,'Doly'S,'Kaprio'J'et'al.'A'populationDspecific'HTR2B'stop'codon'predisposes'
to'severe'impulsivity.'Nature'2010,'468'(7327):'1061D1068.'See!attachment.!
!
My! research!has! focused!on! the! identification!of! genetic! variation! that!may! influence!
impulsive!behavior!and!the!disorders!with!which!it!is!associated.!!
To!achieve!this!I!conceptualized!a!study!with!increased!power!by!focusing!on!a!cohort!of!
Finnish!Caucasians,!a!population!isolate!where!genetic!heterogeneity!has!been!shown!to!
be! reduced! for! certain! medical! conditions! (Peltonen! et! al,! 1999).! Furthermore! the!
cohort!was! characterized!by!extreme!phenotypes! such!as! severe! impulsive!aggression!
leading! to! violent! crimes! (such! as! homicides,! assaults! and! arsons)! and! incarceration,!
increasing!the!probability!of!identifying!variants!of!large!effect.!!
!
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As! discussed! previously! in! this! thesis,! impulsivity! is! a! broad! term! describing! behavior!
characterized! by! action! without! foresight.! Impulsivity! is! an! important! feature! of!
externalizing! disorders! including! addictions,! suicide,! Attention! Deficit! Hyperactivity!
Disorder! (ADHD),! and! Bipolar! Disorder! and! violent! criminality,! as! well! as! Antisocial!
Personality! Disorder! (ASPD),! Borderline! Personality! Disorder! (BPD)! and! Intermittent!
Explosive! Disorder! (IED).! Most! of! these! behaviors,! including! suicide,! are! moderately!
heritable,!indicating!that!it!should!be!feasible!to!identify!genetic!loci,!validating!the!idea!
that! it! is!possible! to!deconstruct! the!multi5process!origins!of! impulsivity.!Disinhibition,!
aggression! and! impulsivity! are! endophenotypes! thought! to! underlie! the! comorbidity!
between! addictions! and! other! psychiatric! diseases,! leading! to! the! potential! to! track!
shared! genetic! factors.! The! fact! that! few! genes! influencing! impulsivity! have! been!
identified! could! reflect! either! the! complexity! of! the! phenotype,! or! limitations! in! the!
studies.!!
!
The!aim!of!this!study!was!to!use!sequencing!technologies!to!identify!rare!novel!loci!and!
to!test!for!association!with!impulsive!behavior,!a!non5Mendelian!phenotype.!
Founder!populations!can!increase!power!to!detect!effects!of!rare!alleles.!At!autosomal!
loci,! Finns! are! equally! as! diverse! as! other! Europeans,! yet! a! restricted! number! of!
founders!and!isolation!have!molded!the!Finnish!gene!pool!(Peltonen!et!al,!1999).!Many!
disease! alleles! are!more! abundant! or! unique! to! Finland! and! conversely! some! disease!
alleles!common!in!other!European!populations!are!rare!or!nonexistent!(Peltonen!et!al,!
1999).! From! the! standpoint! of! identifying! rare! or! uncommon! alleles! with! roles! in!
complex!phenotypes,!it!is!perhaps!most!important!that!Finnish!ancestry!seems!to!have!
reduced! the! genetic! heterogeneity! of! various! diseases.! For! seventeen! Finnish! disease!
alleles,! 70%! of! disease! chromosomes! (and! as! many! as! 98%! for! some! diseases)! were!
attributable!to!a!single!allele!(Peltonen!et!al,!1999).!
Sequencing!was!conducted! in!96!unrelated!Finnish!males!with! impulsive!behavior!and!
an! equal! number! of! unrelated! Finnish! males! free! of! psychiatric! diagnoses! (see!
Supplementary! Table! 1! and!Methods).! Probands! had! ASPD,! BPD! or! IED! and! were! all!
violent! offenders! and! arsonists! who,! because! of! the! extreme! nature! of! their! crimes,!
underwent!inpatient!forensic!psychiatric!examination!at!the!University!of!Helsinki!at!the!
time! of! their! initial! incarceration.! ASPD! and! BPD! share! genetic! risk! for! impulsive!
aggression4,! which! is! a! central! characteristic! of! both! of! these! personality! disorders.!
Impulsivity! is! also! key! to! IED,! described! in! the! Diagnostic! and! Statistical! Manual! of!
Mental!Disorders!III5R!(DSM5III5R)!as!a!failure!to!resist!aggressive!impulses.!
The! 96! cases! were! selected! for! resequencing! from! a! larger! cohort! of! Finnish! violent!
offenders!comprising!228!cases!on!the!basis!that!they!had!the!highest!Brown–Goodwin!
Lifetime!Aggression!scores:!23.7!(standard!deviation!(s.d).!=!4.9)!as!compared!to!8.1!(s.d.!
=! 4.9)! in! controls.! Their! higher! scores! were! indicators! of! a! life! history! of! aggressive,!
violent!and!impulsive!behavior!as!behavioral!manifestations!of!impulsive!temperament.!
The!96!male!controls!were!free!of!DSM5III5R!Axis!I!and!II!diagnoses!and!matched!for!age,!
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and!were! selected! for! sequencing! for! single!nucleotide!polymorphism! (SNP)!discovery!
from!a!larger!control!cohort!comprising!295!individuals.!As!compared!to!controls,!cases!
also!had!significantly!higher! impulsivity! (action!on! the! spur!of! the!moment)! scores!on!
the!Karolinska!Scales!of!Personality!(P!=!0.0001)!(Gustavsson,!2000).!However,!analysis!
was! conducted! on! a! behaviorally! based! phenotype,! rather! than! a! measure! of!
temperament,! because! behavior! has! repeatedly! shown! the! strongest! relationship! to!
biological! predictors,! including! genes.!Genetic! loci! previously! implicated! in! impulsivity!
include!the!MAOA!stop!codon!linked!to!impulsive!behavior!in!one!Dutch!family!(Brunner!
et!al,!1993),!55HTTLPR!at!the!serotonin!transporter,!which!predicts!suicidality!(Roy!et!al,!
2007;!Caspi!et!al,!2003)!and!the!dopamine!transporter!VNTR,!which!has!been!associated!
with! ADHD! (Faraone! and! Mick,! 2005).! Impulsive! behavior! also! can! be! predicted! by!
neurotransmitters! and! endocrine! factors,! as! illustrated! by! associations! with! brain!
serotonin!turnover!(Virkkunen!et!al,!1994),!testosterone!levels!and!a!gene–testosterone!
interaction! (Sjoberg!et!al,!2008).!Animal!behavioral!pharmacology,!gene!knockout!and!
strain5difference!studies!all!primarily!rely!on!measured!behavior.!By!selecting!the!most!
phenotypically!extreme!pro5!bands!for!sequencing,!we!increased!the!probability!that!we!
would! detect! functional! variants! altering! impulsivity.! Clinical! and! criminal! records,!
including!evaluation!of!premeditation!and!spontaneity!of!crimes,!were!available!for!all!
cases.!
Exonic!and!promoter!regions!(comprising!82!kb)!were!amplified!in!pools!of!12!genomic!
DNAs!and!sequenced!simultaneously!at!803!coverage!on!an!Illumina!Genome!Analyser,!
as! described! in! Methods.! Sequencing! allowed! us! to! identify! and! accurately! estimate!
frequencies! of! alleles! (Supplementary! Fig.! 8! compares! frequencies! determined! by!
sequencing! and! genotyping;! correlation! coefficient! r! =! 0.94).! Of! 360! SNPs! identified,!
44%! were! known! (National! Center! for! Biotechnology! Information! (NCBI)! Build128).!
Frequencies!of!novel!SNPs!ranged!as!high!as!0.2.!Within!37!kb!of!protein5coding!DNA,!25!
synonymous!SNPs,!of!which!9!were!novel,!and!26!nonsynonymous!SNPs!(nsSNPs),!were!
detected.!Of!a!total!of!22!nsSNPs!confirmed!by!Sanger!sequencing,!10!were!novel.!
Four! nsSNPs! were! predicted! to! be! functional! using! SIFT! (Sorting! Intolerant! From!
Tolerant)!and!PolyPhen!(Polymorphism!Phenotyping),!and!these!nsSNPs!were!found!to!
be! in!excess! in! cases.! The!putatively! functional!nsSNPs!TPH2! Pro206Ser! (rs17110563),!
DRD1! Ser259Tyr,! HTR2B! Arg388Trp! and! a! HTR2B! Q20*! stop! codon! were! twice! as!
common!in!cases!(13.0%)!compared!to!controls!(6.5%,!chi!square!=!6.76,!p!=!0.009).!The!
association!of! putatively! functional! dopamine! and! serotonin! alleles! to! impulsivity!was!
driven!by!HTR2B!Q20*.!
!
HTR2B!Q20*in!humans! !
!
We! observed! the! association! of! the!HTR2B! Q20*! (Gln→STOP,! first! coding! exon)!with!
impulsivity! in! a! larger! case/control! sample!and! in!a! family5based! segregation!analysis.!
We!were!able!to!evaluate!clinical!characteristics!and!aspects!of!neurochemistry!in!Q20*!
carriers,!to!assess!molecular!functionality!and!to!follow5up!the!behavioral!effects!of!the!
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variant! in!a! large!Finnish!sample.!Q20*!was!common!in!Finns!(allele! frequency!0.01! in!
controls),! who! were! likely! to! be! non5admixed! with! other! European! populations,! but!
apparently!exclusive!to!Finns.!
Q20*! was! associated! with! externalizing! disorders! in! case/controls! (p! =! 0.007)! and! in!
families!co5segregated!with!impulsive!behavior!coexisting!with!AUD!(p!=!0.013).!The!17!
Q20*! heterozygous! cases! in! the! case/control! sample! were! convicted! for!
unpremeditated!violent!crimes,!including!homicide,!attempted!homicide,!arson,!battery!
and! assault.! In! this! Finnish! cohort! only! three! individuals! were! convicted! of! multiple!
homicide,! and! each! carried! Q20*.! 94%! of! the! crimes! were! committed! under! the!
influence!of!alcohol.!No!antisocial!behavior!was!present!when!not!intoxicated.!!
In!personality! characteristics,!Q20*! carriers!were!higher! in!Novelty! Seeking! and!Harm!
Avoidance!but!did!not!differ!in!Reward!Dependence!from!controls.!In!our!study,!69%!of!
the!Q20*!male!cases!displayed!impulsive!suicidal!behavior!usually!while!intoxicated,!for!
an! average! of! 3.2! suicide! attempts.! The! impulsive! behavior! of! Q20*! males! did! not!
appear! due! to! interaction! with!MAOA! or! serotonin! transporter! polymorphisms.! CSF!
monoamine! metabolite! levels! did! not! differ! in! Q20*! carriers.! CSF! testosterone! was!
significantly! higher! in! Q20*! violent! offenders! than! in! controls! or! violent! offenders!
without!the!stop!codon.!Male!Q20*!carriers!had!impaired!working!memory!(measured!
as!Digit!Span!Forward!and!Backward)!but!were!otherwise!normal!cognitively.!!
!
In!our!sample,!the!influence!of!Q20*!was!not!due!to!interaction!with!MAOA!or!serotonin!
transporter!genotypes.!However,!it!was!not!possible!to!rule!out!other!gene!interactions,!
or!a!modifying!role!of!stress.!Cerebrospinal!fluid!monoamine!metabolite!levels,!another!
potential!confounding!factor,!did!not!differ!in!Q20*!carriers.!Therefore,!it!is!unlikely!that!
their!impulsivity!was!due!to!low!turnover!of!serotonin,!dopamine!or!norepinephrine!or!
that!Q20*!substantially!affects!monoamine!metabolism,!as!does!the!MAOA!stop!codon!
(Brunner!et!al,!1993).!
HTR2B! qPCR! demonstrated! that! the! gene! is! widely! expressed! in! brain.! As! shown! by!
Western!blots,!Q20*!blocked!expression!of!the!55HT2B!receptor!protein.!!
We! assessed! molecular! functionality! of! HTR2B! Q20*! by! using! RNA! and! proteins!
extracted! from! lymphoblastoid! cell! lines,! and! in! addition! HTR2B! expression! was!
measured! in! multiple! brain! regions,! including! the! frontal! cortex,! by! quantitative!
polymerase! chain! reaction! (qPCR;!Methods).!Q20*! led! to! variable! nonsense5mediated!
RNA!decay!and!blocked!expression!of!the!55HT2B!receptor!protein!(Fig.!2!and!Methods).!
HTR2B!is!widely!expressed!in!the!adult!human!brain,!and!the!frontal!lobe!is!one!of!the!
regions!where!it!is!most!highly!expressed!(Methods!and!Supplementary!Fig.!13).!
Htr2bB/B!mice!
!
I! collaborated! with! a! research! group! at! the! Institute! du! Fer! a! Mulin,! INSERM,! Paris,!
focusing! on! the! developmental! role! of! serotonin! and! its! effects! on! neural!
differentiation,!axonal!outgrowth,!synaptic!modeling,!but!also!regulation!of!psychiatric!
disorders,! including! drug! addiction,! feeding! behavior,! depression! and! impulsivity.! The!
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group,! lead! by! Dr.! Luc! Maroteaux,! works! with! Htr2b' mice! knockouts! and!
pharmacological!ablation!models!(using!selective!HT2B!antagonists).!They!had!recently!
investigated!the!role!of!55HT2B!receptors! in!the!behavioral!and!biochemical!responses!
to!the!serotonin!releasing!effects!of!MDMA!(Doly!et!al,!2008).!
!
We!explored! the!behavior!of!Htr2bD/D!mice!and!noticed! that! these! rodents!were!more!
impulsive! and! more! responsive! to! novelty! in! all! of! five! tests! investigating! impulsive!
behavior!and!novelty!seeking.!
!
Although! severe!developmental! consequences!have!been!observed! in!Htr2b! knockout!
mice,! approximately! 50%! of! the! mice! that! survive! the! first! postnatal! week! are!
apparently!normal!as!adults.!These!mice!were!reported!to!be!impulsive!in!an!open!field!
novelty! test! (Doly! et! al,! 2008).! We! assessed! Htr2b! knockout! mice! for! five! separate!
measures! of! impulsivity! and! novelty! seeking:! delay! discounting,! activity! in! a! novel!
environment,!exposure!to!a!novel!object,!motor!activity!after!a!dopamine!D1!receptor!
agonist,! and! decreased! latency! to! eat! in! the! novelty! suppressed! feeding! test!
(hyponeophagia).! The! Htr2b5/5! mice! were! more! impulsive! and! more! responsive! to!
novelty!in!all!of!these!tests!(Fig.!3).!In!rats,!both!impulsivity!and!response!to!novelty!are!
predictors!for!the!development!of!addiction5like!behaviors!(Belin!et!al,!2008).!In!addition!
to! their! differences! in! behavior,! Htr2b5/5! males! had! a! threefold! elevation! in! plasma!
testosterone! (Fig.! 3! and! Supplementary! Methods).! Testosterone! (measured! in! the!
cerebrospinal!fluid!of!nine!heterozygous!violent!offenders)!also!seemed!to!be!higher!in!
human!males! carrying! Q20*! (Supplementary! Fig.! 11).! This! raises! the! possibility! of! an!
interaction!between!Q20*!and!testosterone!contributing!to!impulsive!behaviors,!as!was!
reported! between!MAOA! and! testosterone! in! the! same! population! of! Finns! that! we!
studied!here!(Sjoberg!et!al,!2008).!
Discussion!
!
The!aim!of! this! study!was! to! identify! genetic! variation! associated!with! impulsivity,! an!
intermediate!phenotype!thought!to!contribute!to!several!psychiatric!disorders!including!
addictions!(Winstanley!et!al,!2006).!The!goal! is!to!track!shared!genetic!factors!in!these!
diseases! and! to! contribute! to! their! reconceptualization! on! a! neurobiological! basis.!
Another! purpose!of! identifying! genes! influencing! impulsivity! is! to! determine!which!of!
the! potential! etiologies! and! types! of! impulsivity,! for! example! novelty! seeking! versus!
executive! dysfunction! (Belin! et! al,! 2008),! are! important! in! human! populations.! The!
discovery! of! genes! influencing! impulsive! behavior! would! validate! the! idea! that! it! is!
possible!to!deconstruct!the!multi5process!origins!of!impulsive!behavior.!
We! discovered! a! relatively! common! stop! codon! in! the! HTR2B! gene! in! a! founder!
population! comprising! extreme! impulsive! individuals.! This! variant! co5segregated! with!
the! phenotypes! in! the! unrelated! case! and! controls! as! well! as! the! families.! HTR2B!
expression! in! adult! human! brain! and!molecular! functionality! of! the! stop! codon!were!
demonstrated.!The!Htr2b!knockout!mouse!showed!increased!impulsive!behaviors.!!!
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!
However,!the!presence!of!Q20*!was!not!in!itself!sufficient:!male!sex,!testosterone!level,!
the! decision! to! drink! alcohol,! and! probably! other! factors! such! as! stress! exposure,! all!
have!important!roles.!Although!relatively!common!in!Finland,!HTR2B!Q20*!is!unlikely!to!
explain!a!large!fraction!of!the!overall!variance!in!impulsive!behaviors.!There!are!likely!to!
be! many! pathways! to! impulsivity! in! its! various! manifestations,! and! the! genetic!
association!may!be!present!only!in!the!most!phenotypically!extreme.!
It! is!unsurprising!that!a!stop!codon!variant!discovered!by!sequencing!within!a! founder!
population!is!common!only!in!it,!and!even!restricted!to!it.!However,!this!observation!is!
also!in!line!with!the!significance!of!Q20*!as!a!complete!loss!of!function!variant,!and!with!
the! behavioral! consequences! in! some! heterozygous! carriers.! The! relatively! high!
frequency! of! Q20*! in! Finns! would! thus! reflect! its! status! as! a! founder! mutation,! in!
contrast! with!MAOA,' COMT! and! SLC6A4! (previously! known! as! HTT)! alleles! that! are!
common! worldwide,! more! modestly! affect! molecular! function,! and! may! have!
counterbalancing! selective! advantages.! However,! it! is! highly! unlikely! that! Finns! are!
unique! in! possessing! a! severe! genetic! variation! leading! to! impulsivity.! There! is! the!
previous!example!of!the!MAOA!stop!codon!found!in!one!Dutch!family.!On!average,!ten!
or!more!heterozygous!stop!codons!reside!in!the!genomes!of!each!individual!of!European!
ancestry,!but!perhaps!because! the! source!populations! from!which! the!probands!were!
sequenced!did!not!have!founder!characteristics,!no!common!stop!codon!had!yet!been!
reported! for! a! neurotransmitter! gene.! Although! rare! variants! identified! in! founder!
populations! are! more! likely! to! be! confined! to! those! populations,! analyses! of! the!
relationship! between! gene! variation! and! phenotype! can! be! conducted! within! the!
founder!population,!identifying!new!candidate!genes!and!pathways!influencing!behavior!
or!other!aetiologically!complex!phenotypes.!
As!has!often!been! illustrated,! the!availability!of!mouse!genetic!models,! including!gene!
knockouts,!offers!an!opportunity!to!test!the!predictive!validity!of!genetic!discoveries!and!
to! define! effects! in! contexts! where! genetic! background! and! environment! are! better!
controlled.! The! Htr2b! mouse! knockout! reveals! more! general! effects! of! 55HT2B!
deficiency!on!behavior,!including!effects!on!novelty!seeking.!This!could!be!explained!by!
pleiotropic!actions!of! the! serotonin!2B! receptor.!On! the!other!hand,! the!effect!of! the!
Htr2b! knockout! on! delay! discounting! seems! to! validate! the! effect! of! the! Q20*! stop!
codon! on! impulsivity! in! people.! In! people,! we! observed! a! significant! association!
between!the!HTR2B!Q20*!variant!and!impairment!in!working!memory,!a!neurocognitive!
process! contributing! or! predictive! of! executive! cognitive! function.! The! ability! to! store!
and! integrate! knowledge!about!possible! choices!with! the! current! context! enables! the!
individual!to!select!appropriate!cognitive!strategies!and!generate!optimal!reactions.!This!
is!coherent!with!the!impulsivity!observed!in!HTR2B!Q20*!cases,!who!seemed!deficient!in!
the!ability!to!weigh!the!consequences!of!their!acts.!
The! use! of! deep! sequencing! to! detect! a! stop! codon! associated! with! impulsivity! in! a!
founder!population!reveals!a!role!for!the!HTR2B!gene!in!behavior.!It!also!indicates!that!
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this! approach! may! be! applicable! to! other! complex! behavioral! traits,! including! those!
diseases!for!which!impulsivity!is!itself!an!intermediate!phenotype.!
HTR2B! may! play! a! critical! role! in! the! manifestation! of! severe! impulsive! behavior,! a!
possibility! which! hasn’t! been! explored! yet! extensively! and! that! requires! further!
investigation.!!
These! results! suggest! a! role! for! HTR2B! in! impulsivity! and! show! the! potential! for!
identifying! and! tracing! effects! of! rare! alleles! in! complex! behavioral! phenotypes! using!
founder!populations.!!
!
!
4. MOLECULAR!ANALYSES!OF!THE!ROLE!OF!5IHT2B!AND!MESOLIMBIC!DOPAMINE!
RELEASE!IN!COCAINE!DEPENDENCE!
!
Doly' S,' Bevilacqua! L,' Eddine' R' et' al.' Reduced' 5DHT2B' receptor' expression' predicts'
mesolimbic' dopamine' function' and' cocaine' dependence.' U'
nder'review.'See!attachment.!
!
This!study!is!the!follow5up!study!to!the!work!previously!described,!to!explore!the!role!of!
the! 55HT2B! receptor! in! impulsivity! and! associated! disorders.! For! this! study! I! worked!
closely!with!Dr.!Maroteaux!and!his!team!at!the!Institute!du!Fer!a!Moulin,!INSERM,!Paris.!
We!teamed!up!and!used!a!complementary!approach!to!analyze!the!possible!effects!on!
addiction!of!the!HTR2B!gene!in!both!humans!and!rodents.!I!carried!out!the!analyses!in!
humans!while!Dr.!Maroteaux!and!his!team!focused!on!the!mouse!models.!
!
As!described!above,!I!identified!a!functional!stop!codon!in!the!human!55HT2B!receptor!
gene!that!releases! impulsive!behavior.! In!particular,!the!carriers!of!the!stop!codon!are!
more! vulnerable! to! alcoholism,! a! condition!where! control! is! impaired,! and! had!more!
problems!if!they!drank.!Similarly,!Htr2b!knockout!(Htr2bD/D)!mice!were!impulsive,!sought!
novelty,! and!were!more!active!after! receiving!a!D1!dopamine! receptor!agonist.! These!
observations! suggested!a!neuroscience5based!approach! to! inter5individual! variation! in!
addiction,!melding!observations!of!effects!of!the!human!stop!codon!with!effects!of!the!
gene!in!the!mouse.!!
The!aim!of!the!following!study!was!to!extend!the!investigation!on!the!role!of!the!HTR2B!
gene! to! impulsivity5related! disorders! and,! in! particular,! cocaine! addiction! in! both!
humans!and!rodents.!!
! !
Impulsive! behavior! is! commonly! associated! with! most! forms! of! drug5taking.! Brain!
serotonin! [55hydroxytryptamine! (55HT)]! systems! influence! the! effects! of! cocaine!
however! the! contributions! of! individual! 55HT! receptor! subtypes! to! the! regulation! of!
cocaine!responses!are!still!unclear.!
!
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Addictions! are! moderately! to! highly! heritable,! but! the! genes! involved! are! largely!
unknown! (Goldman! et! al,! 2005).! Intriguingly,! much! of! the! inherited! propensity! to!
addiction! is! shared! across! addictive! agents,! pointing! to! the! importance! of! genetic!
variation! in! processes! foundational! to! addiction,! including! reward! and! impulsivity!
(Goldman!et!al,!2005;!Goldman!and!Bergen,!1998).!The!impulsive/compulsive!model!of!
addiction! liability!has! connected!pre5exposure! impulsivity!and!novelty! seeking,! factors!
that! themselves! increase! likelihood!of!exposure,! to!post5exposure! responses! including!
drug5seeking! behavior,! conditioned! place! preference,! and! punishment5resistant!
responding! (Piazza!et! al,! 1989;!Belin! and!Everitt,! 2008).! The! role!of!neurons! releasing!
dopamine! (DA)! has! been! established! via! elegant! and! diverse! investigations! in! both!
humans!and!model!organisms!(Hyman!et!al,!2006;!Di!Chiara!and!Bassareo,!2007).!Shifts!
in!DA!release!and!DA!receptor!expression!appear!key!to!the!transition!from!impulsive!to!
compulsive! use! (Everitt! et! al,! 2008;! Volkow! et! al,! 2011).! Furthermore,! interindividual!
variations! in! several! genes! regulating! DAergic! function,! including! the! DA! receptors!
(DRD2,!DRD4),! DA! transporter! (DAT),!monoamine! oxidase!A! (MAOA),! and! catechol5O5
methyltransferase! (COMT),! have! been! tied! to! variation! in! addiction! liability,! including!
impulsivity! (Kreek! et! al,! 2010).! Nevertheless,! none! of! these! genetic! findings! has!
approached! significance! on! a! genome5wide! scale.! The! diseases! of! addiction! are!
clinically5defined! end5diagnoses.! Representing! amalgams! of! preexisting! vulnerabilities,!
these!diseases!are!relatively!intractable!to!genetic!analysis!as!compared!to!traits!such!as!
stimulus5induced!DA!release,!or!even!impulsivity,!that!are!the!bases!of!vulnerability.!!
!
The!role!of!the!HTR2B!stop!codon!in! impulsivity!and!the!effect!of!the!Htr2B!knockout,!
including! increased!motor!activation!following!a!D1!agonist,!were!fully!consistent!with!
emerging! support! for! a! role! of! serotonin! (55HT)! in! the! rewarding! effects! of!
psychostimulants!(Kirby!et!al,!2011)!but!left!open!the!question!of!whether!this!receptor!
was! modulating! vulnerability! to! addiction! to! these! agents.! Regarding! the! developing!
connection! between! 55HT! and! psychostimulant! induced! reward,! 55HT! neurons! in! the!
dorsal! raphe! nucleus! project! to! the! ventral! tegmental! area! (VTA)! and! nucleus!
accumbens! (NAcc)! and! modulate! DAergic! neurotransmission! (Hayes! et! al,! 2011).!
Regulation!of!mesolimbic!DA!release!by!55HT!and! its! receptors! thereby!modulates!the!
reinforcing! effects! of! drugs! of! abuse! (Di! Giovanni! et! al,! 2010).! Presynaptic! 55HT2B!
receptors! modulate! phosphorylation! of! the! serotonin! transporter! in! raphe! neurons!
(Launay! et! al,! 2006)! altering! the! psychostimulant! effect! of! the! club! drug,! ecstasy!
(MDMA)!(Doly!et!al,!2008;!Doly!et!al,!2009).!Both!pre5clinical!studies!and!clinical! trials!
indicated! that! 55HT! and! its! receptors! modulate! cocaine! action! (Filip! et! al,! 2010).!
Moreover,! an! association! study! in! poly5substance! abusers! supported! the! notion! that!
genetic!variation!in!HTR2B!modulates!vulnerability!(Lin!et!al,!2004)!but!as!is!common!in!
association! studies! of! this! type,!with!no! insight! as! to! the!mechanism!by!which! the!55
HT2B!receptor!might!modulate!vulnerability!or!connection!to!functional!variation!at!the!
gene.!!
In!this!study!we!attempted!to!bridge!those!gaps!in!the!chain!of!causation!between!the!
HTR2B! gene! and! addiction,! via! complementary! approaches! in!mice! and! humans.!We!
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focused! our! attention! on! one!model! addictive! drug,! cocaine,!with! studies! of! cocaine5
induced! locomotor! responses! and! place! preference! in! mice! and! vulnerability! to!
addiction!predicted!by!a!functionally!relevant!haplotype!in!humans.!Via!studies!in!mice!
and!humans,!we!were!able! to!show!that!55HT2B!receptors! intrinsic! to! the!mesolimbic!
system!contribute! to! the! control!of!DA! release! induced!by!either! cocaine! (in!mice)!or!
pain/stress!(in!humans).!
55HT2B! receptor! inactivation! increases! response! to! cocaine.! Once! established,!
behavioral! sensitization! to! addictive! agents! is! long5lasting,! being! observed! after! re5
exposure! to! the! drug! even! several! weeks! later! (Robinson! et! al,! 2003).! Behavioral!
sensitization! can! be! measured! by! progressive! enhancement! of! locomotor! responses!
following! repeated! drug! exposure! (Stewart! et! al,! 1993;! Valjent! et! al,! 2009),! and!
locomotor!sensitization! is!a!strong!correlate!of!vulnerability! to!addiction! (Vezina!et!al,!
2004).!A!single!acute!injection!of!cocaine!dose5dependently!increased!locomotor!activity!
to!different!extents! in!wildtype!Htr2b+/+! and!knockout!Htr2bD/D!mice! (Fig.!1a,! S2a)! (p!=!
0.015).!After!a!second!injection!seven!days!later!locomotor!response!was!enhanced!(Fig.!
1b,! S2b),! and!Htr2bD/D!mice!exhibited!higher! cocaine5induced! locomotor! response! (Fig.!
1a5b)! (p! =! 0.029).! Conditioned! place! preference! (CPP)! is! another! method! that! can!
robustly!assess!the!induction!of!long5lasting!responses!to!drugs!(Tzschentke!et!al,!2007).!
Pairing! of! neutral! but! distinct! environmental! stimuli! with! a! drug! results! in! acquired!
preference! for! the! specific! stimuli.! Repeated! injection! of! cocaine! in! the! paired!
compartment!induced!CPP!in!both!Htr2b+/+!and!Htr2bD/D!mice!(Fig.!1c).!However,!as!was!
also! observed! for! psychostimulant5induced! locomotion,! CPP! was! stronger! in! Htr2bD/D!
mice!(p!=!0.027).!
We! tested! the! hypothesis! that! modulation! of! cocaine! preference! and! locomotor!
response! in! Htr2bD/D! mice! is! developmentally! mediated! or! due! to! long5term!
neuroadaptation! via! the! effect! of! a! highly! selective! and! potent! 55HT2B! receptor!
antagonist! (RS127445)!on! locomotion.!Cocaine5induced! locomotion!was!not!altered! in!
acute! antagonist5treated!mice! compared! to!Htr2b+/+!mice! (Fig.! 2a).!However,!Htr2b+/+!
mice! treated! for! four! weeks! displayed! increased! locomotor! activity! in! a! novel!
environment! (Fig.! S3c,! a),! an! effect! that! parallels! the! novelty5induced! increase! in!
locomotion! observed! in!Htr2bD/D!mice! (Bevilacqua! et! al,! 2010;! Doly! et! al,! 2008).!Mice!
chronically!treated!with!antagonist!responded!differently!to!a!first! injection!of!cocaine!
(Fig.! 2c)! (p! =! 0.006),! and! showed! sensitization! to! a! second!dose!delivered! seven!days!
later! (Fig.! 2d)! with! a! greater! cocaine5induced! locomotion! as! compared! to! untreated!
Htr2b+/+'(p!=!0.002).!Together!these!results!suggest!that!chronic!but!not!acute!inhibition!
of!the!55HT2B!receptor!is!sufficient!to!recapitulate!some!of!the!behaviors!of!the!Htr2b!
knockout!due!to!long5term!neuroadaptations,!without!invoking!developmental!defects.!
!
HTR2B!haplotypes,!receptor!expression,!and!risk!of!cocaine!dependence!in!humans!
!
As!previously!discussed,!I!identified!a!stop!codon!(Q20*,!rs79874540)!in!the!HTR2B!gene!
associated!with!impulsive!behavior!in!Finnish!violent!offenders!(Bevilacqua!et!al,!2010).!
This! stop! codon! is! unique! to! Finnish! Caucasians,! a! founder! population! in! which!
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biomedically! significant! genetic! heterogeneity! is! reduced.! In! the! present! study,! I!
extended! the! investigation! of! the! behavioral! role! of! the! HTR2B! gene! to! common!
functional!variation!that!is!present!beyond!the!Finnish!population.!
Binding!assays!using!a!selective!55HT2B!receptor!radioligand!in!lymphoblastoid!cell!lines!
were! used! to! investigate! the! functionality! of! common!75locus!HTR2B! haplotypes! (Fig.!
3a).! The! rare! stop! codon! is! itself! on! a! distinct! haplotype! (Fig! 3b).! In! 62! Finns!
representing! the! common! HTR2B! diplotypes! (27! H1/H1! homozygotes,! 30! H2/H2!
homozygotes! and! 5! H1/H2! heterozygotes),! 55HT2B! receptor! expression!was! higher! in!
the!H1/H1!as!compared!to!the!H2/H2!diplotype!(F!=!319.16,!df!=!1,!p!<!0.0001)!(Fig.!3c).!
In! 18! African5Americans! (8! H2/H2! homozygotes! and! 10! H4/H4! homozygotes),! the! H1!
haplotype! being! uncommon! in! this! population,! we! again! observed! lower! receptor!
expression!in!individuals!with!the!H2!haplotype!(F!=!41,!d!=!1,!p!<!0.0001)!(Fig.!3c).!Thus,!
the! H2! haplotype! identified! in! both! Finns! and! African5Americans! is! associated! with!
lower!receptor!expression!levels.!In!a!logistic!regression!analysis!in!the!African5American!
dataset!with! cocaine!dependence!as! the!dependent!variable!and!HTR2B! diplotypes!as!
the! independent! variable! (Table! S1),! a! significant! effect! of! HTR2B! on! cocaine!
dependence!was! observed! (p! =! 0.016).! The! higher! expression! H4/H4! diplotype! drove!
this!association,!with!a!protective!effect!on!cocaine!dependence!(χ2!=!11.96,!p!=!0.002,!
df! =! 1,!O.R.! =! 0.3,! 95%!C.I.! =! 0.1850.67)! (Table! S2).! In! a!haplotype5based!analysis,! the!
most! common! haplotypes! H2! and! H4! showed! a! significant! difference! in! frequency!
between!cases!and!controls!(χ2!=!6.5,!p!=!0.01,!df!=!1).!The!H4!haplotype!was!associated,!
consistent!with!the!diplotype5based!analysis,!with!reduced!risk!of!cocaine!dependence!
(O.R.! =! 0.6,! 95%! C.I.! =! 0.450.9),! while! the! H2! haplotype! conferred! increased! risk! for!
cocaine!dependence!(O.R.!=!1.6,!95%!C.I.!=!1.1–1.4)!(Table!S3).!At!the!single!SNP!level,!
associations!to!cocaine!dependence!were!observed!for!rs6736017!(p!=!0.02),!rs1549339!
(p! <! 0.0001),! and! rs17586428! (p! <! 0.0001)! (Table! S4).! The! effect! size! on! risk! was!
moderate!(Table!S4).!For!example,!homozygotes!for!the!rs6736017!allele!located!on!the!
higher!expression!haplotype!had!reduced!risk!for!cocaine!dependence!(O.R.!=!1.7,!95%!
C.I.!=!1.152.2),!and!homozygotes!for!the!rarer!rs17586428!allele!that!is!also!on!the!lower!
expression!haplotype!had!a!somewhat!more!strongly!predicted!reduced!risk!(O.R.!=!0.4,!
95%!C.I.! =!0.250.6).! These!data! suggest! that!an!HTR2B! haplotype! that! reduces!55HT2B!
receptor!expression!increases!risk!of!cocaine!dependence!congruently!with!the!effect!of!
the!HTR2B!stop!codon!to!increase!impulsivity!and!the!enhanced!impulsivity!and!novelty!
seeking!of!Htr2b' D/D!mice,!but!do!not! rule!out!a!more!direct!effect!on!vulnerability!by!
altering!drug5mediated!reward.!!
!
Accumbal!cocaineIdependent!dopamine!release!
!
Accumbal!ERK1/2!stimulation!is!an!essential!component!of!signaling!pathways!involved!
in! synaptic!plasticity!and! long5term!behavioral!effects!of!drugs!of!abuse! (Valjent!et!al,!
2009)! and! requires! stimulation! of! dopamine! D1! receptors.! Thus,! ERK1/2!
phosphorylation! provides! an! index! of! pre5synaptic! DA! release! and! post5synaptic! DA!
receptor!activation.!We!quantified!phosphorylated5ERK1/2!(p5ERK1/2)! immunoreactive!
neurons!in!striatum!of!Htr2b+/+!and!Htr2bD/D!mice!10!min!after!cocaine!injection!(Fig.!4a).!
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Cocaine! induced! 105fold,! 2.55fold,! and! 55fold! increases! in! p5ERK1/2! immuno5positive!
neurons!in!the!NAcc!shell,!NAcc!core!and!dorsal!striatum!of!Htr2b+/+!mice,!respectively!
(Fig.! 4b5d).! Although! cocaine5induced! increase! in! locomotor! activity! was! stronger! in!
Htr2b−/−!compared!to!Htr2b+/+!mice!(Fig.!4e),!the!increase!of!p5ERK1/2!immuno5positive!
neurons! in! the! NAcc! shell! was! significantly! reduced! compared! to!Htr2b+/+! mice! (p! <!
0.0001,! Fig.! 4b).! However,! the! increase! of! p5ERK1/2! immuno5positive! neurons! in! the!
NAcc!core!and!dorsal!striatum!was!not!significantly!different!compared!to!Htr2b+/+!mice!
(Fig.! 4b,d).! These! results! suggest! a! D1! receptor! function! defect! or,! alternatively,! a!
reduced! DA! release! in! the! NAcc! shell! of! Htr2b−/−!mice! upon! cocaine! injection.! Basal!
expression! of! D1! and! D2! receptor! in! striatum! from!Htr2b−/−!mice! did! not! differ! from!
Htr2b+/+!mice!(Fig.!4h,!j),!and!neither!did!dopamine!D1!receptor!coupling!to!Gαolf!(Fig.!
4k,!l).!Moreover,!there!was!no!difference!in!striatal!DAT,!SERT,!NET!expression!between!
Htr2b+/+!and!Htr2b−/−!mice!(Hayes!et!al,!2011;!Vezina!et!al,!2004;!Tzschentke!et!al,!2007).!
Comparing!accumbal!55HT!and!DA!extracellular!concentrations!by!microdialysis!in!awake!
Htr2b+/+! and! Htr2b−/−!mice,! cocaine! injection! (Fig.! 4f,! g)! induced! a! 75fold! increase! in!
extracellular!55HT!levels!in!either!mice!(Fig.!4f)!and!a!105fold!increase!in!extracellular!DA!
concentration!in!Htr2b+/+!mice!(Fig.!4g),!but!elicited!only!a!2.55fold!increase!in!synaptic!
DA! levels! in! the!NAcc!of!Htr2b−/−!mice! (Fig.! 4g)! (p!<!0.0001).!Altogether,! these! results!
suggest!that!in!cocaine5treated!Htr2b−/−!mice,!reduced!release!of!DA!leads!to!a!blunted!
activation!of!the!ERK1/2!pathway! in!medium!spiny!neurons!of!the!NAcc!shell,!without!
modifications!of!dorsal!striatum!reactivity.!!
!
HTR2B!haplotypes!modulate!dopamine!release!in!humans!
!
We! genotyped! 54! healthy! adults! (60%! female;! age! range,! 19–40! yr)! who! underwent!
positron! emission! tomography! (PET).! Striatal! D2/D3! binding! potential! (BPND),! a!
measure!of! in!vivo!receptor!availability,!was!quantified! in!three!striatal! regions!before!
and!after!the!challenge!using!the!displaceable!radiotracer![11C]!raclopride,!and!change!
in!BPND!was!calculated!as!an!index!of!DA!release!(Girault!et!al,!2007;!Banas!et!al,!2011).!
Forty5two! participants! had! one! of! four! common! HTR2B! diplotypes! (H1/H1,! H1/H2,!
H1/H3,!H2/H3)!whose!expression!levels!could!be!predicted!and!were!therefore!included!
in! the! analysis.! To! test! the! primary! hypothesis! that!HTR2B! genotype! affects! DAergic!
function,!we!used!a! repeated5measures!general! linear!model,! controlling! for! sex,! age,!
and! ancestry.! We! found! a! significant! interaction! between! pain5stress! condition! and!
HTR2B! diplotype! group! (p! =! 0.043,! F! =! 2.04,! df! =! 9,95;! Hotelling! multivariate! test)!
suggesting! a! gene! effect! on! stress5induced! DA! release! (Table! S5).! There! was! no!
significant!main!effect!of!HTR2B!diplotype!group!(p!=!0.86,!F!=!0.52,!df!=!9,95;!Hotelling!
multivariate! test).! However,! there! is! a! significant! effect! of! sex! on! D2/D3! binding!
potential! (Table! S5),! and! females! tend! to! release!more! DA! during! the! pain! condition!
while!males!tend!to!release!less!DA.!Possibly!because!of!this!sex!difference,!there!is!no!
main!effect!of!the!pain!challenge!on!D2/D3!binding!potential!in!the!total!sample!(Table!
S5).! Based! on! this! result,! we! performed! several! exploratory! analyses.! First,! we!
computed!the!percentage!change!in!BPND!–!an!index!of!DA!release!–!in!each!region!(Fig.!
7a5c).!Stress5induced!DA!release!tended!to!be!greater!in!the!H1/H3!group!compared!to!
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the!other!three!groups!(accumbens!p!=!0.03!to!0.10,!caudate!p!=!0.09!to!0.39,!putamen!
p!=!0.04!to!0.06,!uncorrected)!although!post5hoc!comparisons!did!not!survive!correction!
for! multiple! testing! (p! =! 0.19! to! 1.0,! Bonferroni! correction)! (Table! S6).! Second,! we!
examined! females! and! males! separately! using! a! repeated5measures! general! linear!
model,!controlling!for!age!and!ancestry.!The!interaction!between!pain5stress!condition!
and!HTR2B!diplotype!group!was!confirmed! for!both! females! (p!=!0.002,!F!=!3.64,!df!=!
9,47;! Hotelling!multivariate! test)! and!males! (p! =! 0.005,! F! =! 3.78,! df! =! 9,23;! Hotelling!
multivariate!test)!(Table!S7).!If!there!was!no!main!effect!of!the!pain!challenge!on!D2/D3!
binding!potential!in!the!total!sample!(Table!S5),!there!is!a!main!effect!of!pain!in!females!
and! in! males! considered! separately! (Table! S7a! and! 7b).! Importantly,! the! significant!
pain*HTR2B! interaction! persists! regardless! of! whether! we! consider! all! subjects! and!
control!for!sex!(Table!S5),!or!consider!only!females!(Table!S3a),!or!consider!only!males!
(Table!S7b).! Third,!we!examined!Caucasians!only,! controlling! for! sex!and!age,!and! the!
stress5by5gene! interaction! was! confirmed! (p! =! 0.023,! F! =! 2.33,! df! =! 9,71;! Hotelling!
multivariate!test)!(Table!S7c).!Inspection!of!group!differences!suggested!that!carriers!of!
the! low! expression! H2! haplotype! exhibited! the! least! dopamine! release! especially! in!
NAcc!(Fig.!7c),!and!following!the!rank!order!H3!>!H1!>!H2.!The!PET!data!demonstrate!a!
likely! effect! of! the!HTR2B! locus! on! mesoaccumbal! DA! responses! to! pain! in! humans.!
Overall,! these! results! indicate! that! in! humans! genetic! variation! leading! to! reduced! 55
HT2B! receptor! expression! is! associated! with! a! reduced! release! of! extracellular! DA! in!
ventral!striatum!and!no!changes!in!dorsal!striatum,!supporting!the!findings!obtained!in!
mice.!
!
5IHT2B!receptors!modulate!dopamine!release!in!mice!
!
It! is! well! established! that! nigrostriatal! and! mesolimbic! DA5containing! neurons! are!
modulated!by!serotonergic!neurons!originating!from!the!midbrain!raphe!nuclei!(Diaz!et!
al,! 2012).! These! 55HT! projections! innervate! the! substantia! nigra!pars' compacta! (SNc)!
and! ventral! tegmental! area! (VTA)! as!well! as! their! terminal! areas! including! the! dorsal!
striatum! and! NAcc,! respectively! (i.e.! nigrostriatal! and! mesolimbic! pathways).! To!
investigate! the! hypothesis! that! 55HT2B! receptors! directly! participate! in! the! control! of!
cocaine5induced! increase! in! DA! extracellular! levels! in! the! NAcc,! we! then! evaluated!
whether!55HT2B! receptors!were!expressed! in!VTA!DAergic!neurons.!Single5cell!RT5PCR!
on! selected! GFP5positive! VTA! neurons! from! D25EGFP! mice! showed! that! among! D2!
positive!neurons!in!VTA,!40%!of!the!tyrosine!hydroxylase5expressing!cells!also!expressed!
Htr2b!mRNA! (Fig.! 5a).! These!data! establish! for! the! first! time! the! expression!of! the!55
HT2B!receptor!in!VTA!DAergic!neurons.!Single5cell!RT5PCR!experiments!on!selected!GFP5
positive!SNc!neurons!revealed!that!55HT2B!receptors!are!also!expressed!in!27%!of!these!
DAergic!neurons.!The!two!primary!efferent!fiber!projections!of!the!DAergic!VTA!neurons!
are! the!mesocortical! and! the!mesolimbic! pathways,! innervating! the! prefrontal! cortex!
and!the!NAcc,!respectively.!The!nigro5striatal!DA!system!runs!parallel!to!it!but!connects!
the!SNc!to!the!dorsal!striatum!(see!retrograde!tracing!from!the!NAcc!Fig.!5b!and!S1a!and!
dorsal! striatum! Fig.! 5b! and! S1b).! To! investigate!which! VTA! pathway(s)! express! the! 55
HT2B!receptor,!we!used!stereotactic!red5dextran!retrograde!tracing!in!D25EGFP!mice!to!
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identify! DAergic! neurons! of! the! VTA! projecting! to! NAcc! (Fig.! 5b).! Strikingly,! all! the!
double! labeled! neurons! (D25EGFP! and! red5dextran)! expressed! the! 55HT2B! receptor!
(n=13! out! of! 13),! suggesting! that! the! 55HT2B! receptors! are! involved! in! serotonergic!
regulation!of!the!mesolimbic!DA!pathway.!To!functionally!validate!this!observation,!we!
generated!mice!that!have!been!locally!inactivated!using!mice!floxed!at!the!Htr2b! locus!
(Htr2bfl/fl)! (Fig.! S1)! and! viral! Cre5driven! expression! in!VTA!with! adeno5associated! virus!
(AAV)5expressing! Cre! recombinase! under! the! Synapsin! promoter! (Fig.! S2c,e).! The!VTA!
AAV5Syn5Cre5injected!Htr2bfl/fl! mice! displayed! increased! locomotor! activity! in! a! novel!
environment!as!observed!after!chronic!exposure!to!RS5127445!(Fig.!S2c,d)!or!in!Htr2b5/5!
mice!at!baseline!(Everitt!et!al,!2008;!Hayes!et!al,!2011).!Acute!injection!(1st!injection)!of!
cocaine! induced!a!stronger! increase! in! locomotor!activity! in!VTA!AAV5Syn5Cre5injected!
than! in! VTA! AAV5Syn5GFP5injected! Htr2bfl/fl! mice! (Fig.! 5c)! (p! =! 0.035).! The! stimulant!
effect! of! a! challenge! dose! of! cocaine! seven! days! later! (2nd! injection)!was! significantly!
enhanced! compared! to! the! first! injection! (Fig.! 5c).! Moreover,! cocaine5induced!
locomotion!was!higher!in!VTA!AAV5Syn5Cre5injected!compared!to!AAV5Syn5GFP5injected!
Htr2bfl/fl! mice! (p! =! 0.0026).! Thus,! VTA! AAV5Syn5Cre5injected! Htr2bfl/fl,! chronically!
RS1274455treated! or! Htr2b5/5! mice! displayed! increased! locomotor! responses! to!
environmental! novelty! and! exhibited! increased! sensibility! to! cocaine! supporting! that!
these!effects!are!due!to!inactivation!of!the!receptor!in!VTA!DAergic!neurons.!
!
We! tested! the! hypothesis! that! 55HT2B! receptors! directly!modulate! the! activity! of! DA!
neurons! by! electrophysiological! recording!of! VTA!DA!neurons! in!Htr2b+/+! and!Htr2b−/−!
mice.!VTA!DAergic!neurons!exhibit!a!patterned!spontaneous!firing!activity,!described!as!
a! continuum! between! two! distinguishable! rhythms:! a! slow! regular! single! spike! firing!
(tonic)!and!a!bursting!(phasic)!mode!(Scott!et!al,!2006;!Mickey!et!al,!2012;!Grace!et!al,!
1984).! Even! though! it! is! now! clear! that! multiple! regulatory! systems! modulate! DA!
release,! the! burst5firing! mode! generates! particular! interest! because! it! causes! a!
substantially! larger! increase!of!DA!release!than!regular!spiking,!and!is!critical!for!acute!
responses! for! example! the! reaction!of! VTA! to! psychoactive! drugs! (Grace! et! al,! 1984).!
Extracellular! single!unit! recordings! (Fig.!6a)!were!obtained! from!20!and!17!neurons! in!
anesthetized!Htr2b+/+!and!Htr2b−/−!mice,!respectively.!All!of!the!neurons!met!the!three!
criteria!used!to!identify!VTA!DA!cells!(see!Methods).!Overall,!DA!cells!fired!at!an!average!
rate!of!1.95±!0.2!and!1.81±!0.33Hz!in!Htr2b+/+!and!Htr2b−/−!mice,!respectively.!We!found!
that!2.27%!and!7.3%!showed!spikes!within!a!burst,!a!percentage!ranging,! in! individual!
cells,!from!0%!to!16%!in!Htr2b+/+!and!0%!to!60%!in!Htr2b−/−!mice,!respectively.!Systemic!
injection!of!cocaine!decreased!the!firing!rate!from!100%!to!27.7!in!Htr2b+/+!mice!and!in!
Htr2b−/−!mice! this!decrease!was! significantly!greater,! from!100%!to!9.1! (p=0.038)! (Fig.!
6b).!The!decrease!in!firing!rate!lasted!for!more!than!30!min!after!drug!delivery!and!was!
not! always! followed!by! a! return! to! pre5injection! levels.!Overall,! the!decrease! in! firing!
rate!that!follows!cocaine!administration!was!not!predicted!by!the!initial!bursting!activity!
of! the!cells.!Our!results! indicate!that! long!term!blockade!of!55HT2B!receptor! lead!to!a!
stronger! inhibition! of! firing! rate! by! DA! neurons! and! supports! the! hypothesis! that!
endogenous! 55HT! modulates! VTA! DAergic! cell! excitability! via! 55HT2B! receptor! tonic!
effect.!!
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Discussion!
!
In!this!work,!we!established!that!a!common!haplotype!associated!with!reduced!55HT2B!
receptor! expression! is! associated! with! increased! risk! for! cocaine! addiction.! On! a!
statistical! basis,! the! evidence! is! moderate,! consistent! with! the! number! of! cocaine!
addicts!we!studied!and!the!modest!effects!of!any!one!genetic!locus!on!the!etiologically!
heterogeneous!phenotype!of!addiction.!However,!the!effect!of!the!HTR2B!haplotype!on!
addiction! is! fully,! and! directionally,! consistent! with! this! haplotype’s! effects! on! DA!
release!in!human!brain,!and!has!predictively!led!to!the!discovery!of!a!major!role!for!the!
55HT2B! receptor! in! the! mesolimbic! reward! system.! More! detailed! studies! will! be!
required! in! humans! to! elucidate! effects! of! blunted! 55HT2B! receptor! expression,! for!
example! whether! the! risk! effects! are! mediated! via! altered! response! to! the! drug!
(sensitization),!via!predisposition!to!use!drugs!(impulsivity!and!novelty!seeking)!or!some!
combination.! It! is! likely! that!effects!of!altered!mesolimbic!DA!function!are!pleiotropic.!
However,!some!important!clues!are!offered!by!the!rodent!model!in!which!environment!
and!drug!exposure!are!controlled.! In!mice,!and! independent!of!any! information!about!
novelty! seeking! or! impulsivity,! either! permanent! Htr2b! ablation! or! chronic! receptor!
inhibition!can! lead!to!stronger!behavioral!response!to!cocaine.!The!55HT2B!receptor! is!
expressed!in!a!subpopulation!of!VTA!DA!neurons!projecting!to!the!NAcc!and!modulates!
the!activity!of!DA!neurons!by!controlling! their! firing! rate.!Although!activation!of!NAcc!
shell! is! strongly! reduced! in!Htr2b−/−!mice,! that!of! dorsal! striatum! is! similar! in!Htr2b−/−!
and!Htr2b+/+!mice!upon!cocaine!administration.!In!healthy!humans,!bearing!haplotypes!
with!low!receptor!expression,!ventral!striatal!DAergic!response!is!reduced!as!in!Htr2b−/−!
mice.!Long5term!inactivation!(chronic!pharmacological!blockade!or!genetic!ablation)!of!
55HT2B! receptor! induce!cocaine!hypersensitivity,!while!acute!pharmacologic! inhibition!
had! no! effect.! Similar! results! are! also! observed! in! response! to! amphetamine!
(amphetamine5induced!locomotor!activity!increases!in!Htr2b−/−!mice!but!not!in!rats!with!
an!acute!antagonist!treatment)!(see!Fig!S3!and!Mameli5Engvall!et!al,!2006!respectively).!
On! the! other! hand,! acute! pharmacological! blockade! (Mameli5Engvall! et! al,! 2006)! or!
genetic!ablation!of! the!55HT2B!receptor!similarly! reduce!DA!outflow!exclusively! in! the!
NAcc! shell.! Thus,! long! lasting! reduced! activity! of! the!mesolimbic! pathway! induced! by!
chronic! inhibition! or! genetic! ablation! of! the! 55HT2B! receptor! progressively! leads! to!
altered! interactions! and/or! neuroadaptation! between! the! ventral! and! dorsal! striatum!
regions,! favoring! drug! sensitivity! (See!model! Fig.! 8).! A! greater! D1! agonist! SKF812975
induced!locomotion!and!sensitization!was!also!observed! in!Htr2b−/−!mice!(Everitt!et!al,!
2008! and! Fig.! S3h5i)! indicating! that! this! adaptation! is! probably! downstream! to! DA!
neurons.!In!this!work,!we!established!for!the!first!time!that!a!permanent!reduced!Htr2b!
expression!is!associated!with!a!local!and!55HT5dependent!hypodopaminergy!that!results!
in!increased!cocaine!behavioral!responses.!!
!
Integrating! the! differences! in! cocaine5induced! DA! firing!with! the! effect! of! the!HTR2B!
stop! codon! leading! to! impulsivity,! and! the! greater! novelty! seeking! and! impulsivity! in!
Htr2b−/−! mice,! we! note! the! overlap! in! brain! regions! regulating! impulse! control! and!
mediating! the! reinforcing! properties! of! drugs! and! drug5associated! stimuli.! Both!
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impulsivity! and! vulnerability! to! the! compulsive! use! of! drugs!may! arise! from! common!
origins,! which! we! propose! to! include! variation! in! the! 55HT2B! receptor! expression.! In!
terms! of! impulsive! choice,! excitotoxic! lesions! of! the! nucleus! accumbens! produced!
remarkably!potent!shifts!in!choice!for!small,!immediate!food!reward!in!animals!(Gonon!
et!al,!1988;!Auclair!et!2010).!Accordingly,!impulsive!choice!(in!the!delayed!reward!task!at!
least)! was! associated!with! a! reduction! in! DA! release! from!NAcc! slices! (Luscher! et! al,!
2008).! Interestingly,! in! the! same! experiment,! no! differences! in! DA! release! were!
observed!in!the!dorsal!striatum!(Luscher!and!Bellone,!2008).!Recent!observations!have!
shown!that!reduced!DA!release!is!related!to!increased!cocaine!self!administration!in!rats!
displaying!high!rates!of! impulsive!action.!Again,!these!high! impulsive!rats!had!reduced!
DA! release! in! the! ventral,! but! not! the! dorsal! striatum! (Dalley! et! al,! 2011).! This!
correlation! between! reduced! level! of! DA! release! and! impulsive! behavior! is! strikingly!
parallel! to!what! is! observed! in! human! addicts! (Cardinal! et! al,! 2001).! For! example,! in!
detoxified!or!inactive!cocaine5addicted!subjects,!a!marked!attenuation!of!amphetamine5
induced!DA!increases!in!striatum!was!shown!compared!to!control!(Di!Chiara!et!al,!2007;!
Diergaarde!et!al,!2008;!Martinez!et!al,!2007).!Additional!studies!using!functional!MRI!to!
assess! striatal! activation! during! reward! anticipation! showed! that! adolescent! smokers!
exhibit! a! smaller! reward5anticipation! response! in! the! ventral! striatum!associated!with!
greater!temporal!discounting!and!novelty!seeking!than!non5smoking!subjects!(Martinez!
et! al,! 2009).! As! suggested! by! Andrews! et! al! (2011),! this! chemical! imbalance! (blunted!
NAcc!activation)!may!impair!the!ability!to!recruit!reward!pathways!and!may!lead!to!drug!
use!to!compensate!for!the!deficit,!suggesting!that!this!kind!of!reward!system!deficit!is!a!
predisposing!condition!for!addictions.!!
!
Our!complementary!findings!in!humans!and!mice!provide!evidence!for!a!role!for!the!55
HT2B! receptor! in!mesolimbic! pathways,!with! a! low!expression! allele! of! the! human!55
HT2B! receptor! representing! a! source! of! permanent! 55HT5dependent! DAergic! system!
hypofunction! in! NAcc.! This! common! functional! deficit! may! represent! a! susceptibility!
factor!for!both!impulsive!and!addictive!behavior,!two!behaviors!that!have!been!tightly!
interwoven! on! other! bases,! and! may! explain! both! the! impulsivity! and! cocaine!
vulnerability! of! Htr2b−/−! mice! and! humans! carrying! HTR2B! haplotypes! with! reduced!
receptor!expression.!!
!
!
5. GENEIENVIRONMENT!INTERACTIONS!AND!AGGRESSION!
!
Bevilacqua! L,' Carli' V,' Sarchiapone' M,' George' DK,' Goldman' D,' Roy' A,' Enoch' MA:'
Interactions' between' FKBP5' and' childhood' trauma' increases' risk' for' aggressive'
behavior.'Archives'of'General'Psychiatry'2011,'69(1):'62D70.'See!attachment.!
!
FKBP5,!childhood!trauma!and!aggressive!behavior.'
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In!my!studies! I!also!explored!how!genetic!variation!may!modulate!adverse!events!and!
predispose!to!adult!impulsive/aggressive!behavior.!
Aggression! is! a! heterogeneous! term! that! may! be! defined! as! hostile! or! destructive!
behavior!that!can!be!collective!or!individual,!and!can!be!directed!towards!self!or!others.!
A! degree! of! aggression! may! be! considered! within! the! range! of! normal! behavior! in!
certain! social! situations! but! can! be! manifest! in! different! pathological! ways! such! as!
antisocial!behavior,!suicidal!behavior!(Mann!et!al,2009),!or!violent!criminality!(DeJong!et!
al,! 1992;! Sarchiapone! et! al,! 1992).! Well! characterized! aggressive! disorders! such! as!
antisocial! personality! disorder,! borderline! personality! disorder! and! intermittent!
explosive!disorder!have!been! shown! to!have!moderate!heritability! (Lyons!et! al,! 1995;!
Kendler!et!al,!2008;!Thorgersen!et!al,!2008;!Coccaro!et!al,!1993).!Therefore!a!complex!
interplay! between! environmental! and! genetic! factors! is! likely! to! underlie! aggression.!
Indeed,!several!studies!(Caspi!et!al,!2002;!Ducci!et!al,!2008;!Sjoberg!et!al,!2008;!Enoch!et!
al,! 2010)! of! a! functional! locus! (MAOADLPR)!within! the!monoamine! oxidase! A! (MAOA)!
gene!have! shown! the! importance!of! gene5environment! interactions! in! the!etiology!of!
aggression.!Despite! the! resilience!of!many!maltreated! children,! childhood! trauma! is! a!
risk! factor! for!numerous!psychopathologies! in!adulthood! (Driessen!et!al,!2006;!Enoch,!
2010),!including!major!depression!(Kaufman!et!al,!2000),!post5traumatic!stress!disorder!
(Binder!et!al,!2008),!suicidal!behavior!(Roy!et!al,!2010),!addictions!(Enoch,!2010;!Enoch!
et! al,! 2010;! Roy,! 2010)! and! borderline! personality! disorder! (Bandelow! et! al,! 2005;!
Ruggiero!et!al,!1999;!Zanarini!et!al,!1997).!Being!abused!or!neglected!as!a!child!increases!
one’s!risk!for!delinquency!and!adult!violent!criminal!behavior!(Widom,!1989).!Childhood!
trauma,! identified!by! the!Childhood!Trauma!Questionnaire! (CTQ),!has!been!correlated!
with!measures! of! lifetime! aggression! (Brown5Goodwin! Lifetime! History! of! Aggression!
(BGHA)!interview!(Brown!et!al,!1979)!in!the!Italian!prisoner!population!analyzed!in!this!
study!(Sarchiapone!et!al,!2009)!and!in!other!studies!(Garno!et!al,!2007).!
!
Childhood! trauma! has! also! been! shown! to! impact! stress! reactivity! in! adulthood! by!
altering! the!hypothalamic5pituitary5adrenal!axis! (HPA)! function! (Roy!2002;!De!Bellis!et!
al,!1994;!Heim!et!al,!2004).!Acute!stress!activates!hypothalamic!release!of!corticotropin5
releasing! hormone! (CRH)! and! arginine! vasopressin! peptide! (AVP)! from! the!
paraventricular! nulecus! (PVN)! to! the! pituitary,! where! they! stimulate! the! secretion! of!
ACTH.!AVP!and!CRH!directly,!and!through!the!action!of!ACTH,!regulate!adrenal!cortisol!
release,! steroidogenesis! and! catecholamine! synthesis! and! release! from! the! adrenal!
gland.!Glucocorticoids!promote! the!physiologic! response! to! stress!but! are!also! critical!
for!initiating!a!negative!feedback!on!the!HPA!axis!via!the!activation!of!the!glucocorticoid!
receptors! (GR)! and!modulation!of! both!CRH!and!AVP!expression! (Kovacs! et! al,! 2000).!
This!negative!feedback!appears!to!be!critical!for!a!healthy!stress!response!and!to!avoid!
prolonged! or! excessive! activation! of! the! system.! GR! insensitivity! may! result! in! an!
impairment!of! this! regulation!system.!The!GR! is!a! ligand5activated! transcription! factor!
that! translocates! from! the! cytosol! to! the! nucleus! after! binding! to! cortisol.! Activation,!
ligand!binding!and!subsequent!GR!action!on!gene!transcription!are!regulated!by!a!large!
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molecular! complex! (Pratt! et! al,! 2006;! Pratt! et! al,! 1997).! This! molecular! machinery! is!
based!on!hsp90/hsp70!chaperones!and!a!number!of!co5chaperones!(Grad!et!al,!2007),!
including!FKBP5,!a!co5chaperone!of!hsp90.!Once!cortisol! is!bound,!FKBP5!is!exchanged!
with!other!co5chaperones!and!the!GR!complex!can!translocate!into!the!nucleus!and!bind!
the!DNA.!FKBP5!expression! is! induced!by!glucocorticoids!as!an! intracellular!ultra5short!
negative! feedback! loop! for! GR! activity.!When! FKBP5! is! bound! to! the! GR! complex! via!
hps90,! the!receptor!has! lower!affinity! for!cortisol,!with! increased!expression!of!FKBP5!
resulting!in!GR!resistance!to!glucocorticoid!activation.!!
!
Variation! in! the! FKBP5! gene! has! been! associated! with! response! to! antidepressants,!
recurrence! of! depressive! episodes! (Binder! et! al,! 2004),! suicide! attempt! in! bipolar!
patients! (Willour! et! al,! 2008)! and! incomplete! normalization! of! stress5elicited! cortisol!
secretion! (Ising! et! al,! 2008).!Moreover,! it! has! been! shown! that! FKBP5! interacts! with!
childhood! trauma!to!predict!post5traumatic! stress!disorder! (PTSD)! (Binder!et!al,!2008)!
and!suicidal!behavior!(Roy!et!al,!2010)!in!African5Americans.!Previous!studies!(Binder!et!
al,! 2008;! Binder! et! al,! 2004)! identified! FKBP5' loci! associated! with! high! protein!
expression!and!with! increased!glucocorticoid!resistance,!and!thus! less!dexamethasone!
suppression,!in!controls.!In!the!presence!of!disease!this!functional!association!appeared!
to!be! impaired.!The! interaction!between!high!expression!alleles!and!childhood!trauma!
increased!risk!for!PTSD!and!these!alleles!were!associated!with!increased!glucocorticoid!
sensitivity.! A! similar! relationship! was! observed! in! depressed! patients! where! the! high!
expression!alleles!(associated!in!controls!with!increased!glucocorticoid!resistance)!were!
associated!with! greater! glucocorticoid! sensitivity!measured!with! the! dexamethasone5
CRH! test.! Thus,! genetic! variation! in! FKBP5! may! modulate! the! effects! of! childhood!
trauma! on! cortisol! release! and! abnormal! protein! expression! may! lead! to! altered! GR!
responsiveness! in! target! organs! and! long5lasting! alterations! in! HPA! axis! reactivity!
(Binder!et!al,!2009).!
!
The! relationship! between! HPA! activity! and! aggressive! behavior! has! been! previously!
explored.! Low! cortisol! levels! have! been! detected! in! habitually! violent! adult! offenders!
with!antisocial!personality!(Virkkunen!et!al,!1985).!In!children!a!blunted!stress!response,!
and!consequentially!low!cortisol!levels,!has!been!found!in!boys!with!persistent!antisocial!
behavior! (Snoek! et! al,! 1994),! while! McBurnett! and! colleagues! (2000)! describe! lower!
baseline! cortisol! levels! in! children! with! conduct! disorder.! In! addition,! AVP! has! been!
studied! in! various! species! with! respect! to! its! ability! to! modulate! anxiety! related!
behaviors!and!a!broad!variety!of!social!behaviors!such!as!social!cognition,!pair5bonding!
and! aggression! (Koolhaas! et! al,! 1990;! Ferris,! 1996;!Albers! et! al,! 1998;!Veenema!et! al,!
2008).!Coccaro!et!al!(1998)!reported!a!positive!correlation!between!cerebrospinal!fluid!
concentration! of! AVP! and! lifetime! history! of! aggression! in! humans! with! personality!
disorders,!raising!the!possibility!of!a!complex!interaction!between!stress,!release!of!CRH!
and!AVP,!HPA!activation!and!aggression.!
!
Since! childhood! trauma! predicts! aggressive! behavior! and! since! both! have! been!
associated!with!abnormal!HPA!axis! response!we!hypothesized! that! there!would!be!an!
34 
 
interaction! between! genetic! variation! in! FKBP5! and! childhood! trauma! in! predicting!
aggressive! behavior.! The! study! sample! consisted! of! a! group! of!male! Italian! prisoners!
who!were!evaluated!for!psychiatric!disorders,!a!history!of!childhood!trauma,!impulsive!
traits,! lifetime!aggressive!behavior,!hostility!and!violent!behavior!during! incarceration.!
Analyses!were! conducted!with! the! putatively! functional! diplotypes! derived! from! four!
FKBP5! SNPs! (rs3800373,! rs9296158,! rs1360780!and! rs9470080)! implicated! in!previous!
studies!(Binder!et!al,!2008;!Roy!et!al,!2010;!Binder!et!al,!2004;!Willour!et!al,!2008;!Ising!
et!al,!2008).!!!
!
METHODS!
!
Participants!'!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
The! participants! included! 629! male! prisoners! detained! in! the! Penitentiary! District! of!
Abruzzo5Molise! in! central! Italy.! All! subjects! self5identified! as! Caucasians! and! ethnicity!
was!also!recorded!by!the! interviewer.!Only!sentenced!individuals!were! included!in!the!
study!due!to!legal!reasons.!Informed!consent!was!obtained!from!all!participants!after!a!
detailed! explanation! of! the! study! was! provided! by! a! psychiatrist.! The! Ethics! Review!
Board! of! the! University! of! Molise! approved! the! study.! Participation! or! refusal! to!
participate! did! not! affect! the! prisoner! in! any! way! and! prison! authorities! were! not!
informed!on!the!decision!of!the!prisoner.!Mental!retardation,!inability!to!read!or!speak!
Italian,! or! florid! psychosis! were! exclusion! criteria.! A! total! of! 34.4%! of! prisoners! who!
were!invited!to!participate!declined!the!offer!(Carli!et!al,!2010).!Prisoners!who!chose!not!
to! participate! in! the! study! did! not! differ! significantly! from! those!who! participated! in!
terms!of!demographic!measures! such!as!age,!education,!occupational! status,! crime!of!
conviction,!duration!of!sentence!(Carli!et!al,!2010).!!!
Psychiatric! interviews!were! conducted! by! trained! psychologists! and! psychiatrists.! The!
Italian! version! of! the! structured!Mini! International! Neuropsychiatric! Interview! (MINI)!
(Sheehan! et! al,! 1998)! and! a! semi5structured! interview! enquiring! about! socio5
demographic! variables! were! administered.! The! presence! of! any! lifetime! Axis! I!
psychiatric! disorder! was! determined! in! agreement!with! the! Diagnostic! and! Statistical!
Manual!of!Mental!Disorders!(DSM5IV)!(Spitzer!et!al,!1995).!!
!
Measures!of!aggression,!impulsivity!and!violence!
'
- BrownDGoodwin'Lifetime'History'of'Aggression'interview'
The!BGHA!(Brown!et!al,!1979)!is!an!11!item!interview!that!assesses!lifetime!aggressive!
behaviors! across! two! stages! of! life! (adolescence! and! adulthood)! (Sarchiapone! et! al,!
2009)! by! directly! addressing! for! each! item! how!many! times! the! aggressive! behavior!
occurred.!The!interview!investigates!episodes!of!temper!tantrums!and!violence!against!
self,!property!and!others!(including!authority)!in!various!social!contexts,!such!as!family,!
school!and!work!environment.!!
!
- BussDDurkee'Hostility'Inventory'
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The!BDHI! (Buss! and!Durkee,! 1957)! is! a! 75! items! questionnaire! developed! to! assess! 8!
subscales:! assault,! indirect! aggression,! irritability,! negativism,! resentment,! suspicion,!
verbal!expression!of!negative!affect!and!guilt.!!
!
- The'Barratt'Impulsiveness'Scale'
Impulsive! personality! traits! were! assessed! with! the! BIS! (Barratt,! 1965),! a! 305item,! 4!
point!Likert!scale!questionnaire!that! investigates!personality/behavioral! impulsiveness,!
including!cognitive!impulsiveness,!motor!impulsiveness!and!lack!of!planning.!
!
- Violent'behavior'during'incarceration'
Prisoners!were!recorded!as!having!exhibited!violent!behavior!during!their!incarceration!
if!there!were!disciplinary!reports!of!physical!aggression!or!assault!against!other!inmates!
or!prison!officers!while! in!prison.!Verbal!aggression!and!behaviors!other! than!physical!
violence!(for!example!drug!dealing)!were!excluded!from!the!definition!of! the!variable.!
Examples! for! violent! behavior! in! jail! are! fights! between! inmates! or! assault! against! a!
prison!guard.!
!
Measures!of!childhood!trauma!
'
Prisoners! completed! the! CTQ534! item! version! (Bernstein! et! al,! 1997;! Bernestein! and!
Fink,! 1997).! The!CTQ! is! an! instrument! for! assessing! childhood!emotional! and!physical!
abuse,!sexual!abuse!and!physical!and!emotional!neglect.!For!each!item!there!is!a!55point!
Likert!scale!to!express!the!frequency!of!occurrence.!The!345item!CTQ!was!converted!into!
the!285item!version!according!to!accepted!criteria!(Bernstein!et!al,!2003)!since!this!is!the!
most!recent!and!commonly!used!form!of!the!questionnaire!and!includes!clinical!cut5offs!
for! significant! abuse/neglect.! CTQ! subscale! scores! range! from! 5! to! 25! and! the! total!
scores! from! 25! to! 125.! Reliability! and! validity! of! the! CTQ! have! been! previously!
demonstrated!(Bernstein!et!al,!1997;!Bernestein!et!al,!1994).!In!this!study!we!used!the!
CTQ! dichotomous! clinical! cut5off! scores! that! differentiate! between! the! presence! or!
absence!of!significant!abuse/neglect! (Walker!et!al,!1999).!The!cut!off!points!were:!≥!8!
for! physical! abuse,! ≥! 8! for! physical! neglect,! ≥! 8! for! sexual! abuse,! ≥! 10! for! emotional!
abuse,!and!≥!15!for!emotional!neglect.!
!
Final'dataset''
'
Of!the!629!original!prisoners!for!whom!DNA!was!available,!individuals!with!a!diagnosis!
of! schizophrenia! or! without! a! completed! CTQ! were! excluded,! leaving! a! total! of! 583!
individuals! analyzed! in! this! study.!As!described! later! (see!Results! section),! the!genetic!
analyses! were! performed! on! 411! individuals! who! carried! the! heterozygous! and!
homozygous!combinations!of!the!two'major'FKBP5'haplotypes.!The!mean!age!(N!=!411)!
was!40.6!(±11)!years!(range!19581).!All!411! individuals!completed!the!BGHA!interview,!
401!the!BIS!and!406!the!BDHI!questionnaires.!The!following!data!was!obtained!from!all!
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411!individuals.!Sixty!four!percent!were!not!married,!85.6%!of!subjects!did!not!graduate!
from!high!school!and!33%!were!not!employed!at! the! time!of! incarceration.!66%!were!
convicted!more!than!once!and!25%!had!on!record!a!juvenile!conviction.!Prisoners!were!
convicted! for! violent! crimes! including! homicide,! aggression! with! weapons,! violent!
robberies!and!terrorist!activity,!and!non5violent!crimes! including!drug!use!or!sale,!non!
violent!robberies!and!fraud.!At!least!one!lifetime!DSM5IV!Axis!I!disorder!was!present!in!
44%! of! prisoners! ! (of! these! 8%! were! diagnosed! with! an! anxiety! disorder,! 11%! with!
bipolar!disorder,!40%!with!major!depression!and!41%!with! substance!dependence).!A!
lifetime! DSM5IV! diagnosis! of! substance! dependence53! was! made! in! 31%! of! the! 411!
prisoners:! opiates! (2%),! alcohol! (10%),! cannabis! (13%),! cocaine! (30%),! multiple!
substances!(56%).!There!was!considerable!comorbidity!between!substance!dependence,!
major!depression,!anxiety!disorders!and!bipolar!disorder! therefore! the!collective! term!
‘Axis!I!Disorders’!(N!=!181)!was!included!in!the!analyses.!!
!
Genotyping!
!
DNA!was!extracted!from!whole!blood!using!standard!protocols.!Four!haplotype!tagging!
SNPs! spanning! ~! 104! Kb! of! FKBP5! were! genotyped! using! TaqMan! assays! on! demand!
(Applied! Biosystems,! Foster! City,! CA.! Genotyping! assays:! C_8852038,! C_27489960,!
C_1256775,! C_92160_10)! according! to! manufacturer’s! protocols! (Table! 1).! Genotype!
was!determined!using!an!ABI!7900HT!Sequence!Detection!System.!Genotype!accuracy!
was!determined!empirically!by!duplicate!genotyping!of!108!samples!selected!randomly.!
The! error! rate!was! <0.002,! and! the! genotyping! completition! rate!was! >0.92.! All! SNPs!
were!in!Hardy5Weinberg!equilibrium!(p!>!0.9).!!
!
Assessment!of!population!stratification!using!ancestry!informative!markers!
!
One!hundred!thirty! two!ancestry! informative!markers! (AIMs)! (Hodgkinson!et!al,!2008)!
were! available! for! a! random! subgroup!of! 118! subjects! that! did!not!differ! significantly!
from! the! total! dataset! for! any! of! the! measures! analyzed! in! this! study.! This! ancestry!
assessment! identifies! seven!ethnic! factors.! In! this!dataset!of! self! reported!Caucasians,!
the!mean!European!factor!score!was!0.70!(median!=!0.83)!and!the!mean!Middle!Eastern!
factor!score!was!0.20!(median!=!0.09).!Genotype!frequency!for!the!four!SNPs!analyzed!
in!this!study!is!comparable!to!the!data!reported!for!the!HapMap!CEU!population.!
!
Statistical!analysis!
!
Primary'analyses'
'
Primary!analyses!were! conducted!on! the!411!prisoners!who! carried! the!heterozygous!
and! homozygous! combinations! of! the! two' major! and' putatively! functional! FKBP5'
haplotypes!(see!Results!section).!Each!SNP!has!two!alleles!that!we!have!called!‘1’!and!‘2’!
(see! Table! 1).! A! haplotype! is! a! combination! of! alleles! (for! different! SNPs)! that! are!
located! closely! together! on! the! same! chromosome! (e.g.! 2122)! and! that! tend! to! be!
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inherited! together.! A! diplotype! represents! a! pair! of! haplotypes,! one! from! each!
chromosome!(e.g.!2122!/!2122).!Diplotypes!provide!more!complete!genetic!information!
and! for! this! reason! were! analyzed! in! this! study.! The! linear! regression! analyses! were!
conducted!with!(a)!BGHA!(b)!BIS!and!(c)!BDHI!total!continuous!scores!as!the!dependent!
variable.! The! three! diplotypes,! age! and! DSM5IV! Axis! I! diagnosis! were! included! as!
independent!variables!together!with!the!diplotype!x!CTQ!interaction!term.!The!analyses!
were!performed!using!the!dichotomous!total!CTQ!scores:!the!sample!was!divided! into!
two!groups:!a)!individuals!with!exposure!to!significant!childhood!abuse/neglect!defined!
as!having!a!clinical!cut5off!score!in!at!least!one!of!the!5!CTQ!subscales!and!b)!individuals!
without!significant!abuse/neglect!defined!as!having!scores!below!the!cut5off!point!for!all!
5!subscales.!
The!Middle!Eastern!ethnic!factor!score!did!not!have!a!significant!effect!in!the!BGHA,!BIS!
and!BDHI!linear!regression!analyses!and!was!therefore!not!included.!!
The!False!discovery!rate!(FDR)!correction!for!multiple!testing!was!applied!(Benjamini!et!
al,!2001).!
Secondary'analyses'
The!linear!regression!analyses!were!repeated!for!each!of!the!5!CTQ!subscales!using!the!
dichotomous! CTQ! clinical! cut5off! score! with! BGHA! total! continuous! score! as! the!
dependent!variable.!!
In!order! to! replicate! the!original! findings!of! the!primary!analysis!with!BGHA,!a! logistic!
regression! was! performed! with! a! second! behavioral! measure! of! aggression,! violent!
behavior! in! jail,! as! the! dependent! variable,! and! as! independent! variables! the! terms!
previously!described.!!
Finally,! single! SNP! analyses! were! performed! to! determine! whether! any! of! the! SNPs!
provided!the!signals!for!the!diplotype!analyses.!!
Statistical!analyses!were!undertaken!using!JMP!7!software.!Haplotype!frequencies!and!
diplotypes! were! estimated! using! a! Bayesian! approach! implemented! with! PHASE!
(Stephens! et! al,! 2003).! Haploview! version! 2.04! software! (Whitehead! Institute! for!
Biomedical!Research,!USA)!was!used!to!produce!linkage!disequilibrium!(LD)!blocks.!Since!
rare!and!uncommon!haplotypes!are!subject! to!estimation!errors!because!of! increased!
sampling! variance,! all! analyses! were! conducted! with! haplotypes! with! a! frequency! ! ≥!
0.05,!which!happened!to!be!the!two!putatively!functional!haplotypes!(H1!and!H2!–!see!
Results).!
!!
RESULTS!!
!
Measures!of!aggression,!hostility,!and!impulsivity!!
!
The!total!BGHA,!BDHI!and!BIS!continuous!scores!were!included!as!dependent!variables!
in! three! separate! analyses.! The! mean! (SD)! scores! were! as! follows:! BGHA:! 36! (11)!
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(maximum! possible! score! =! 88)! (Sarchiapone! et! al,! 2009);! BDHI:! ! 36.3! (11.5)! (max!
possible!score!=!75);!BIS:! !47.6!(15.6)!(max!possible!score!=!120).!Scores!for!aggressive!
behavior!/!impulsive!personality!traits!were!correlated,!all!at!p!<!0.0001:!BGHA!vs!BDHI:!
r!=!0.49,!F(1,404)!=!130.6;!BGHA!vs!BIS:!r!=!0.36,!F(1,399)!=!59.3;!BIS!vs!BDHI:!r!=!0.38,!
F(1,396)!=!66.7.!
Childhood!Trauma!Questionnaire!!!
The!median!CTQ!score!was!36!out!of!a!total!possible!score!of!125.!Subscale!scores!for!
physical! abuse! (PA),! sexual! abuse! (SA),! emotional! abuse! (EA),! emotional! neglect! (EN)!
and!physical!neglect!(PN)!were!correlated,!all!at!p!<!0.0001.!!
The!CTQ!provides!clinical!cut5offs!that!set!thresholds!for!significant!EA,!EN,!PA,!PN!and!
SA.! ! In! the! total! group! of! prisoners! 55%! (N=226)! met! the! threshold! for! significant!
abuse/neglect! in! at! least! one! of! the! 5! categories.! Among! these! 226! individuals,! 47%!
(N=105)! experienced! only! one! type! of! childhood! trauma,! 24%! (N=55)! reported! two!
types,!14%!(N=32)!reported!three!types,!10%!(N=23)!reported!four!types!and!5%!(N=11)!
reported!all!five!categories!of!trauma.!Childhood!PN!(N!=!151,!67%),!PA!(N!=!91,!40%),!
and!EN!(N!=!91,!40%)!were!the!most!common!forms!of!childhood!trauma!experienced,!
followed!by!childhood!EA!(N!=!67,!30%)!and!SA!(N!=!58,!26%).!!
FKBP5!Diplotypes!
Haplotypes! were! derived! from! the! four! SNPs! (rs3800373,! rs9296158,! rs1360780,!
rs9470080)! that!have!been! implicated! in!earlier! studies! (Binder!et! al,! 2008;!Roy!et! al,!
2010;!Binder!et!al,!2004;!Willour!et!al,!2008;!Ising!et!al,!2008).!These!four!SNPs!were!in!
strong! linkage!disequilibrium! (LD)! (Fig.!1)!and! in!approximate!allelic! identity! (Table!1).!
There! were! six! haplotypes! (frequency! ≥! 0.01)! with! two! major! yin! yang! putatively!
functional! haplotypes,! 2122! (H1)! and! 1211! (H2)! that! alone! accounted! for! 88%! of!
haplotype!diversity! (Fig.1).! These! two!haplotypes! are! considered!putatively! functional!
because! the! H2! haplotype! had! been! previously! associated!with! higher! FKBP5! protein!
expression! and! increased! GR! resistance! in! controls! relative! to! the! H1! haplotype.!
Diplotypes! were! estimated! for! 516! subjects;! 411! of! them! carried! the! homozygous!
(H1/H1,! H2/H2)! and! heterozygous! combinations! (H1/H2)! of! the! potentially! functional!
haplotypes!and!were!included!in!the!analyses.!
Primary!Analyses!
'
Linear!regression!was!performed!to!determine!the!main!effects!and! interaction!of! the!
FKBP5! diplotypes! and! childhood! trauma!on! (a)! BGHA! (b)! BDHI! and! (c)! BIS! continuous!
total!scores.!The!analyses!were!conducted!with!the!total!dichotomous!CTQ!scores.!!
BGHA!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Results!are!presented!in!Table!2.!Childhood!trauma!had!a!significant!(p!<!0.0001)!effect!
on!lifetime!aggression!scores.!No!main!effect!of!the!diplotypes!was!observed!but!there!
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was!a!significant! interaction!between!the!CTQ!dichotomous!total!score!and!the!FKBP5!
diplotypes!on!the!BGHA!total!score!(p!=!0.004;!p!=!0.012,!after!FDR!correction!for!the!
three!tests!performed).!!
The!direction!of!the!G!x!E! interaction! is! illustrated! in!Figure!2.! In!prisoners!exposed!to!
childhood! trauma,! carriers! of! the! H2/H2! diplotype,! previously! associated! with! higher!
FKBP5! expression! and! increased! GR! resistance! in! controls,! had! higher! BGHA! scores!
(mean! (SD)! =! 44.8! (12.0))! compared!with! carriers! of! the!other! two!diplotypes! (H1/H1!
mean! (SD)! =! 37.4! (10.5);! H2/H1! mean! (SD)! =! 39.7! (11.4)).! Moreover,! there! was! a!
crossover!effect!such!that!in!prisoners!not!exposed!to!childhood!trauma,!carriers!of!the!
H2/H2!diplotype!were!less!aggressive!(mean!(SD)!=!27.5!(6.5))!than!carriers!of!the!two!
other!diplotypes!(H1/H1!mean!(SD)!=!33.8!(10.5);!H1/H2!mean!(SD)!=!32.9!(10.8))!
BDHI'and'BIS'
Within!the!linear!regression!model!for!BDHI!and!BIS,!childhood!trauma!had!a!significant!
effect!on!the!BDHI!(p!=!0.0002)!but!not!on!the!BIS!(p!=!0.29).!Linear!regression!analyses!
with! BIS! and! BDHI! showed! no! significant! diplotype! main! effect! or! interaction! with!
childhood!trauma.!
Secondary!Analyses!
!
From!Table!2!it!can!be!seen!that,!after!FDR!correction,!PA,!PN,!and!EN!had!significant!G!x!
E! interactive! effects! on! aggression,! EA! had! a! trend! effect! and! SA! had! no! effect.! The!
apparent!lack!of!effects!of!EA!(N!=!67)!and!SA!(N!=!58)!may!be!due!to!a!low!prevalence!
of!these!types!of!childhood!trauma!in!this!dataset.!PA!had!the!maximum!G!x!E!effect!of!
the!5!subscales;!the!interaction!is!illustrated!in!the!Figure!2!inset.!
!
Substance'Dependence'
Substance!dependence!was! significantly!associated!with!higher!BGHA! total! scores! (t!=!
4.4,!p!<!0.0001,!df!=!1),!BDHI!total!scores!(t!=!5.0,!p!<!0.0001!df!=!1),!BIS!total!scores!(t!=!
2.7,!p!<!0.008,!df!=!1),!but!not!with!the!clinical!cut!off!CTQ!total!scores!(χ2!=!0.004,!p!=!
0.95,! df! =! 1).! We! observed! a! significant! diplotype! association! with! substance!
dependence!(χ2!=!8.5,!p!=!0.015),!with!the!H1!haplotype!conferring!increased!risk!(O.R.!=!
1.8,!C.I.!95%!=!1.16!5!2.70).!!
To! demonstrate! that! the! main! results! of! our! analyses! are! not! driven! by! substance!
dependence!we!repeated!the!analyses!in!a!subset!of!prisoners!with!no!DSM5IV!diagnosis!
of! substance!dependence!who!had! (N!=!157)!and!had!not! (N!=!128)!been!exposed! to!
childhood!trauma.!Despite!the!smaller!sample!size!there!was!still!an!interactive!effect!of!
FKBP5!diplotypes!and!childhood!trauma!on!BGHA!scores!(F!=!5.6,!p!=!0.004,!df!=!7).!!!
Violent'behavior'during'incarceration'
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The!dichotomous!variable,!violent!behavior! in! jail,!was!associated!with!higher!BGHA!(t!
ratio!=!9.9,!p!<!0.0001,!df!=!1),!BDHI!(t!ratio!=!4.9,!p!<!0.0001,!df!=!1)!and!BIS!scores!(t!
ratio!=!4.7,!p!<!0.0001,!df!=!1)!and!Axis!I!disorders!(χ2!=!7.6,!p!=!0.006,!df!=!1).!!Prisoners!
who!had!experienced!clinically!significant!childhood!trauma!(N!=!226)!were!more!likely!
to!act!violently!in!jail!(χ2!=!7.9,!p!=!0.005,!df!=!1)!compared!to!prisoners!with!no!history!
of!abuse/neglect!(N!=!185).!
Logistic!regression!analysis!was!performed!with!violent!behavior!in!jail!as!the!dependent!
nominal! variable!and!diplotypes,!age,!Axis! I!diagnosis,!CTQ! total! and! subscales! clinical!
cutoffs!and! the! interaction!between!diplotypes!and!childhood! trauma!as! independent!
variables.!As!can!be!seen!from!Table!3,!there!was!a!main!effect!of!the!dichotomous!CTQ!
total! score!on!violent!behavior! in! jail! and! the! strongest! signal! came! from!exposure! to!
PA.!Only!PA!had!an!interactive!effect!with!FKBP5!genotype!on!violent!behavior!(L5R!χ2!=!
10.5,!df!=!7,!p!=!0.005;!p!=!0.025!after!FDR!correction).!!
As! Figure! 3! shows,! of! the! prisoners! who! had! experienced! childhood! PA,! 80%! of! the!
group!with!the!H2/H2!diplotypes!manifested!violent!behavior!in!jail!compared!with!23%!
of!the!group!with!the!H1/H1!diplotype!and!an!intermediate!44%!of!the!group!with!the!
H1/H2!diplotype!(χ2!=!9.0,!p!=!0.01,!df!=!2).!Genotype!had!no!effect!on!violent!behavior!
in!prisoners!who!did!not! report!childhood!PA! (21%! in!H1/H1!diplotype;!15%! in!H2/H1!
diplotype;!11%!in!H2/H2!diplotype).!!
Individual'SNP'analyses''
Secondary! analyses!were! performed!with! the! individual! SNPs,! rs3800373,! rs9296158,!
rs1360780!and! rs9470080,! to!determine!whether!any!of! them!provided! the! signal! for!
the!diplotype!x!childhood!trauma!results.!Results!for!the!SNPs!are!summarized!in!Table!
4.!When!all! significant!covariates!were! included! in! the! linear! regression!analysis,!SNPs!
rs3800373,!rs1360780!and!rs9470080!interacting!with!the!total!dichotomous!CTQ!score!
were!associated!with!higher!BGHA!total!scores.!None!of!the!four!SNPs!interacted!with!
PA!to!increase!the!risk!for!violent!behavior!in!jail.!
DISCUSSION!
!
In! this! study!we! have! shown! that!FKBP5! variation! and! exposure! to! childhood! trauma!
interact! to! specifically! influence! behavioral! dyscontrol! and! a! lifetime! history! of!
aggression! (as! documented! by! the! BGHA)! together! with! violent! behavior! while!
incarcerated! (as! documented! in! the! prison! records).! In! particular,! this! study! suggests!
that! the! less! common! FKBP5' haplotype! (H2)! increases! the! risk! for! overt! aggressive!
behavior! in! individuals! who! have! a! history! of! childhood! trauma,! particularly! PA.!
However!there!was!no!G!x!E!effect!on!indirect!aggression!(general!hostility,!expression!
of! anger)! ascertained! from! the! BDHI,! nor! on! impulsive! personality! traits,! ascertained!
from! the! BIS.! The! fact! that! we! observed! an! effect! on! aggression!measured! with! the!
BGHA! interview! and! on! reported! violent! behavior! in! jail! suggests! that! the! interaction!
has!an!effect!on!manifested,!expressed!aggressive!behavior,!rather!than!on!personality!
traits.! The! advantage!of! using! a! behaviorally! based! indicator! of! aggression! is! that! the!
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translation! of! genetic! findings! to! behavior! is! ultimately! more! direct.! Behaviorally!
measured! aggression! has! previously! shown! a! strong! relationship! with! biological!
predictors,! including! genes! as,! for! example,! the!MAOA! interaction! with! testosterone!
levels! in!predicting!aggressive!behavior!measured!with! the!BGHA!(Sjoberg!et!al,!2008)!
and! the! interaction! between! FKBP5! and! CTQ! childhood! trauma! in! predicting! suicide!
attempts!(Roy!et!al,!2010).!!
The' FKBP5! diplotypes!were!derived! from! the! four!SNPs! implicated! in!previous! studies!
(Binder!et!al,!2008;!Roy!et!al,!2010;!Binder!et!al,!2004;!Willour!et!al,!2008;! Ising!et!al,!
2008).! The! risk! allele! for! these! SNPs,! represented! in! the! H2! haplotype,! has! been!
associated! in! a! previous! study! (Binder! et! al,! 2008)! with! enhanced! serum! cortisol!
suppression! after! dexamethasone! administration,! or! enhanced! GR! sensitivity,! in!
subjects!with! post5traumatic! stress! disorder! (PTSD)! (Yehuda! et! al,! 2004;!Mehta! et! al,!
2011).! In!contrast,!the!protective!alleles!were!associated!with!a! lesser!response!to!the!
dexamethasone!suppression!test,!or!with!GR!resistance,!in!individuals!with!PTSD.!Binder!
and!colleagues!(2004)!reported!an!association!between!the!rs1360780!risk!T/T!genotype!
and!increased!FKBP5!protein!expression!in!lymphocytes!!and!with!stronger!induction!of!
FKBP5!mRNA! by! cortisol! in! peripheral! blood! cells,! and!with! increased! vulnerability! to!
adult!PTSD!symptoms!following!childhood!abuse.!In!our!study,!as!represented!in!Fig.!4,!
rs1360780!alleles!appeared!to!exert!an!allelic!dosage!effect!(F!ratio!=!3.0,!p!=!0.05,!df!=!
2):! in! individuals! exposed! childhood! trauma,! the! T/T! homozygotes! had! highest! BGHA!
scores! (mean! (SD)! score! =! 42.3! (13)),! C/C! homozygotes! had! the! lowest! scores! (mean!
(SD)!=!37.5!(11))!and!C/T!heterozygotes!had!intermediate!scores!(mean!(SD)!=!40.0!(11)).!!
The!association!of!a!gene!implicated!in!the!HPA!stress!axis!regulation!with!aggression!is!
of!great!interest!but!it!is!unknown!how!the!interaction!between!childhood!trauma!and!
FKBP5!may! increase! risk! for!aggressive!behavior.!Genetic!variation! in!FKBP5!may!alter!
function!of! the! stress5response!pathway!during!development,! and! thus! alter!CRH!and!
AVP! expression,! predisposing! those!who! had! a! significant! history! of! child! abuse! to! a!
higher! risk! for! aggressive! behavior! through! long5lasting! trauma5induced! epigenetic!
changes!(McGowan!et!al,!2009).!!
The!SNPs! in! this! study!are! in! strong! LD!across! all! ethnic! groups,! including!Caucasians,!
African5Americans,!Africans!and!Asians! (Binder!et!al,!2009),! increasing! the!difficulty!of!
identification!of!a!functional!variant!in!FKBP5.!Further!resequencing!and! in'vitro!and! in'
vivo! functional! studies! are! necessary! to! pin5point! the! variant! responsible! for! the!
interactions!and!associations!described.!!
In! our! sample! PN! was! the! most! common! form! of! abuse! reported! by! the! prisoners,!
followed!by!PA!and!EN,!all!of!which!showed!a!high! intercorrelation! (r!=!0.4150.48).!SA!
was! the! less! represented!of! the!childhood! trauma!consistent!with!previous! reports!of!
gender! (Bernstein! et! all,! 1994;! MacMillan! et! al,! 1997;! Gilbert! et! al,! 2009).! The!
interaction!between!FKBP5!and!PA!in!particular!was!strongly!associated!with!both!BGHA!
and!violent!behavior!in!jail,!indicating!that!this!type!of!childhood!trauma,!in!males,!may!
be!modulated!by!the!HPA!response!in!predisposing!to!aggressive!behavior,!rather!than!
other!forms!of!abuse/neglect.!
There!are! several! strengths! to! this! study.! Firstly!we!had!access! to!a! selected!extreme!
sample!of!individuals!who!have!been!incarcerated!for!committing!an!offence.!Secondly!
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we!were!able!to!analyze!several!aspects!of!this!heterogeneous!phenotype!‘aggression’:!
overt! aggression! and! violence,! indirect! aggression,! hostility,! negative! affect,! and!
impulsive! personality! traits.! By! these!means!we!were! able! to! show! that! the! FKBP5! x!
childhood!trauma!interaction!had!a!specific!effect!on!aggressive!behavior!and!not!on!the!
other! aspects! of! aggression! listed! above.! Finally,!we!were! able! to! replicate! the!BGHA!
finding!with!another!measure!of!overt!aggression:!violent!behavior!while!in!prison.!The!
limitations!include!that!both!the!CTQ!and!BGHA!questionnaires!are!self5report,!and!that!
the! CTQ! does! not! include! an! exhaustive! list! of! the! potentially! traumatic! events! that!
could!be!experienced! in! childhood.! The!CTQ!has! though!demonstrated!high! reliability!
and!validity!(Bernstein!et!al,!2008;!Bernstein!et!al,!1994;!Thombs!et!al,!2007).!Because!
this! is! a! male! population! it! was! not! possible! to! study! potential! sex! differences.! An!
important! limitation! of! this! cross! sectional! study! is! that! we! cannot! exclude! the!
possibility!that!gene5gene!interactions!might!have!an!important!role!in!predisposing!to!
aggressive! behavior.! Therefore! longitudinal! studies! have! to! be! undertaken! to!
deconstruct!the!neurobiological!basis!of!aggression.!
In! conclusion,! this! study! reports! a! significant! interaction! between! childhood! trauma,!
particularly! physical! abuse,! and! genetic! variation! in! FKBP5! in! predisposing! to! overt!
aggressive!behavior!in!a!male!population.!This!observation!may!ultimately!contribute!to!
the! identification! of! biological! markers! that! could! have! a! role! in! clinical! practice! in!
preventing! aggressive! behavior! in! at! risk! individuals! who! were! exposed! to! early! life!
trauma.!
!
!
6. CONCLUSIONS  
!
My!studies!have!focused!on!the!identification!of!genes!modulating!impulsive!behavior,!
an!intermediate!phenotype!shared!by!various!psychiatric!disorders.!!
Impulsivity!is,!however,!not!a!unitary!construct!and!multiple!laboratory!behavioral!tasks!
and!self5reported!measures!are!used!to!assess!different!aspects!of! impulsivity.!On!the!
other! hand,! it! is! also! true! that! there! is! no! one! gene! that! will! be! identified! as! an!
“impulsivity! gene”,! since! the!action!of!most! genes! is! pleiotropic.! Impulsivity!has!been!
though!shown!to!be!heritable!and!for!this!reason!it!should!be!possible!to!identify!genes!
influencing! this! trait.! In! the! quest! to! identify! common! and! rare! genetic! variants!
influencing!behavior,!deep!phenotyping,!extreme!phenotypes,!exposed!populations!and!
affected! families!all! appear! to!be! invaluable.!Multilevel!approaches! towards!discovery!
include! whole! genome! strategies,! candidate! gene! studies,! proof! of! molecular!
functionality! of! the! genetic! variation! and! evaluation! of! behavioral! effects! and! neural!
circuits!in!animal!models.!!
!
I!have!implemented!massively!parallel!sequencing!technologies!and!strategies!to!reduce!
both! genetic! and! phenotypic! heterogeneity,! such! as! the! study! of! population! isolates,!
and! the! selection! of! extreme! phenotypes! leading! to! the! discovery! of! a! functional,!
disease!associated!genetic!variant! in!a!gene,!HTR2B,'that!was!previously!not!known!to!
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play!a!role!in!human!behavior.!The!discovery!of!a!new!gene!implicated!in!behavior!lead!
to! the!analysis!of! the!gene! in!other!populations!and! its!association!with!diseases!with!
which! impulsivity! is!associated.!Furthermore,! it!has! lead!to!the!study!of! the!molecular!
pathways!and!neural!circuits!involving!the!55HT2B!receptor!in!both!the!mouse!and!the!
human.!
!
The!impact!of!next!generation!sequencing!on!human!genetics!will!be!transformational!
and! extremely! exciting! both! diagnostically! and! therapeutically.! Identification! of!
functional!variation!associated!with!disease!will!lead!to!novel!insights!into!human!traits!
leading! to! new! classification! of! disease! on! the! basis! of! etiology.! I! envision! a! strong!
interplay!between! the!basic! science! laboratories! and! the!bedside!practice!of! genomic!
medicine.! Pharmacogenomics,! with! targeted,! individualized! treatments! will! become!
everyday!practice!in!the!era!of!genomic!medicine!and!will!require,!for!instance,!changes!
to!drug!labeling!to!include!genetic!susceptibilities.!There!are!currently!great!limitations!
to! this!endeavor,! including! the!poor!understanding!of! the! role!of!non5coding!genomic!
regions.! For! this! reason,! for! example,! the! ENCODE! project! (Encyclopedia! of! DNA!
elements),! a! research! consortium,! was! launched! in! 2003! to! identify! all! functional!
elements!in!the!human!genome!sequence.!!
!
Once! a! functional! allele! is! identified! multi5level! analyses! at! the! molecular! level,! the!
detection! of! biochemical! or! physiological! correlates,! validation! in! appropriate! animal!
models,!responses!to!pharmacological!challenges,!and!the!discovery!of!other!functional!
variants! at! the! same! gene! or! functionally! related! genes! in! families! or! populations! of!
affected!individuals!are!both!validating!and!explanatory.!However!the!goal!is!to!be!able!
to! use! these! genetic! markers! as! clinical! predictors.! Several! alleles,! because! of! their!
functionality,! alter! stress! response,! such! as! FKBP5.! Gene5environment! prediction! of!
complex!behavior!could!be!used!as!a!clinical!predictor!but!it!is!difficult!to!demonstrate!
and! to! replicate! from! one! study! to! the! other,! as! it! is! difficult! to! quantitate!
environmental!exposures.!Once!more,! the!choice!of! the!phenotypes!analyzed!and! the!
environmental! stressor! have! to! be! carefully! chosen,! as! in! the! study! described! in! this!
report.!
!
In! the! near! future! technology! such! as! sequencing,! along! with! the! development! of!
computational!tools!to!analyze!the!sequencing!data,!animal!models,!molecular!analysis!
for!functionality!and!validation!and!gene5environment!interactions!will!yield!insight!into!
pathogenesis,! improve! prevention! and! diagnostic! tools! and! drug! development,!
increasing!the!accuracy!of!prediction!of!drug!efficacy!and!toxicity,!to!ultimately!improve!
people’s!lives.!!
!
!
!
!
!
!
44 
 
7. ATTACHMENTS!
!
1. Bevilacqua!L,!Doly!S,!Kaprio!J,!et!al.!A!population5!specific!stop!codon!in!HTR2B'
predisposes!to!severe!impulsivity.!Nature.'468,!106151066!(2010).!!
2. Bevilacqua!L!et!al.!Nature!2010,!supplementary!information.!
3. Doly! S,! Bevilacqua! L,! et! al.! Reduced! 55HT2B! receptor! expression! predicts!
mesolimbic! dopamine! function! and! cocaine! dependence.! Manuscript! under!
revision.!
4. Bevilacqua! L,! Carli! V,! Sarchiapone! M,! et! al.! Interaction! between! FKBP5' and!
childhood! trauma! increases! risk! for! aggressive! behavior.! Archives' of' General'
Psychiatry,'69!(1),!62570!(2011).!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
45 
 
8. REFERENCES!
!
Albers! HE,! Bamshad! M.! Role! of! vasopressin! and! oxytocin! in! the! control! of! social!
behavior! in! Syrian! hamsters! (Mesocricetus! auratus).!Prog.' Brain' Res.! 1998,! 119:! 3955
408.!
!
Anokhin!AP,!Golosheykin!S,!Grant!J,!Heath!AC.!Heritability!of!risk5taking!in!adolescence:!
a!longitudinal!twin!study.!Twin.'Res.'Hum.'Genet.!2009,!12(4):!3665371.!
!
Anokhin! AP,! Golosheykin! S,! Grant! JD,! Heath! AC.! Heritability! of! delay! discounting! in!
adolescence:!a!longitudinal!twin!study.!Behav.'Genet.!2011,!41(2):!1755183.!
Aron! AR,! Dowson! JH,! Sahakian! BJ,! Robbins! TW.!Methylphenidate! improves! response!
inhibition! in! adults!with! attention5deficit/hyperactivity! disorder.!Biol.' Psychiatry! 2003,!
54:!146551468.!
Aron!AR.!From!Reactive!to!Proactive!and!Selective!Control:!Developing!a!Richer!Model!
for!Stopping!Inappropriate!Responses.!Biol.'Psychiatry!2010,!69(12):!e55568.!
!
Asahi!S,!Okamoto!Y,!Okada!G,!Yamawaki!S,!Yokota!N.!Negative!correlation!between!right!
prefrontal!activity!during!response!inhibition!and!impulsiveness:!a!fMRI!study.!Eur.'Arch.'
Psychiatry'Clin.'Neurosci.'2004,!254(4):!2455251.!
!
Auclair! AL,! Cathala! A,! Sarrazin! F! et! al.! The! central! serotonin! 2B! receptor:! a! new!
pharmacological! target! to! modulate! the! mesoaccumbens! dopaminergic! pathway!
activity.!J.'Neurochemistry'2010,!114:!132351332.!!
Banas! S,! Doly! S,! Boutourlinsky! K! et! al.! Deconstructing! antiobesity! compound! action:!
requirement! of! serotonin! 55HT2B! receptors! for! dexfenfluramine! anorectic! effects.!
Neuropsychopharmacology!2011,!36:!423–433.!!
Bandelow!B,!Krause!J,!Wedekind!D!et!al.!Early!traumatic!life!events,!parental!attitudes,!
family!history,!and!birth!risk!factors!in!patients!with!borderline!personality!disorder!and!
healthy!controls.!Psychiatry'Res.'2005,!134:!169–179.!
!
Barratt! ES.! Factor! analysis! of! some! psychometric! measures! of! impulsiveness! and!
anxiety.!Psychol.'Rep.'1965,!16:!5475554.!
!
Bechara! A,! Damasio! AR,! Damasio! H,! Anderson! SW.! Insensitivity! to! frontal! cortex!
following!damage!to!human!prefrontal!cortex.!Cognition!1994,!50:!7515.!
!
Bechara!A.!The!role!of!emotion!in!decision5making:!Evidence!from!neurological!patients!
with!orbitofrontal!damage.!Brain'and'Cognition!2004,!55:!30540.!
46 
 
Belin! D,! Everitt! BJ,! Cocaine! seeking! habits! depend! upon! dopamine5dependent! serial!
connectivity!linking!the!ventral!with!the!dorsal!striatum.!Neuron!2008,!57:!4325441.!!
Belin!D,!Mar!AC,!Dalley!JW,!Robbins!TW,!Everitt!BJ.!High!impulsivity!predicts!the!switch!
to!compulsive!cocaine5taking.!Science!2008,!320:!1352–1355.!
!
Benjamini!Y,!Drai!D,!Elmer!G,!Kafkafi!N,!Golani! I.!Controlling!the!false!discovery!rate!in!
behavior!genetics!research.!Behav.'Brain'Res.'2001,!125:!2795284.!
Benko! A,! Lazary! J,! Molnar! E! et! al.! Significant! association! between! the! C(51019)G!
functional! polymorphism! of! the! HTR1A! gene! and! impulsivity.! Am.' J.' Med.' Genet.' B'
Neuropsychiatr.'Genet.!2010,!153B(2):!5925599.!
Berlin! L,! Bohlin! G.! Response! inhibition,! hyperactivity,! and! conduct! problems! among!
preschool!children.'J.'Clin.'Child'Adolesc.'Psychol.!!2002,!31(2):!2425251.!
!
Bernstein! D,! Fink! L.! Childhood! Trauma! Questionnaire:! a! retrospective! self5report!
questionnaire!and!manual.!San!Antonio,!TX:!Psychological!Corp,!1998.!
!
Bernstein! DP,! Ahluvalia! T,! Pogge! D,! Handelsman! L.! Validity! of! the! Childhood! Trauma!
Questionnaire! in! an! adolescent! psychiatric! population.! J.' Amer.' Acad.' Child' Adol.'
Psychiatry'1997,!36:!3405348.!
!
Bernstein! DP,! Fink! L,! Handelsman! L! et! al.! Initial! reliability! of! a! new! retrospective!
measure!of!child!abuse!and!neglect.!Am.'J.'Psychiatry'1994,!151:!113251136.!
!
Bernstein! DP,! Stein! JA,! Newcomb! MD! et! al.! Development! and! validation! of! a! brief!
screening!version!of!the!Childhood!Trauma!Questionnaire.!Child'Abuse'&'Neglect'2003,!
27:!169–190.!
!
Bevilacqua! L,! Carli! V,! Sarchiapone!M! et! al.! Interaction! between! FKBP5! and! childhood!
trauma!increases!risk!for!aggressive!behavior.!Arch.'Gen.'Psychiatry!2012,!69(1):!63570.!
!
Bevilacqua!L,!Doly!S,!Kaprio!J!et!al.!A!population5specific'HTR2B'stop!codon!predisposes!
to!severe!impulsivity.!Nature!2010,!468(7327):!106151066.!
!
Bickel!WK,!Odum!AL,!Madden!GJ.!Impulsivity!and!cigarette!smoking:!delay!discounting!in!
current,!never,!and!ex5smokers.!Psychopharmacology!(Berl.)!1999,!146(4):!4475454.!
!
Binder!EB,!Bradley!RG,!Liu!W!et!al.!Association!of!FKBP5!polymorphisms!and!childhood!
abuse!with!risk!of!posttraumatic!stress!disorder!symptoms!in!adults.!JAMA'2008,!299:!15
15.!
!
47 
 
Binder! EB,! Salyakina! D,! Lichtner! P! et! al.! Polymorphisms! in! FKBP5! are! associated!with!
increased! recurrence! of! depressive! episodes! and! rapid! response! to! antidepressant!
treatment.!Nat.'Genet.!2004,!36(12):!131951325.!
!
Binder! EB.! The! role! of! FKBP5,! a! co5chaperone! of! the! glucocorticoid! receptor! in! the!
pathogenesis!and!therapy!of!affective!and!anxiety!disorders.!Psychoneuroendocrinology'
2009,!34S:!S1865S195.!
!
Bobadilla! JL,! Macek!M! Jr,! Fine! JP! et! al.! Cystic! fibrosis:! a! worldwide! analysis! of! CFTR!
mutations55correlation!with! incidence! data! and! application! to! screening.!Hum.'Mutat.!
2002,!19:!575–606.!
!
Bornovalova! MA,! Cashman5Rolls! A,! O’Donnell! JM! et! al.! Risk! taking! differences! on! a!
behavioral! task! as! a! function! of! potential! reward/loss! magnitude! and! individual!
differences! in! impulsivity! and! sensation! seeking.! Pharmacol.' Biochem.' Behav.! 2009,!
93(3):!2585262.!
!
Brown! GL,! Goodwin! FK,! Ballenger! JC,! Goyer! PF,! Major! LF.! Aggression! in! humans!
correlates!with!cerebrospinal!fluid!amine!metabolites.!Psychol.'Res.!1979,!1:!131–139.!
!
Brown! SM,! Manuck! SB,! Flory! JD,! Hariri! AR.! Neural! basis! of! individual! differences! in!
impulsivity:! contributions! of! corticolimbic! circuits! for! behavioral! arousal! and! control.!
Emotion!2006,!6(2):!2395245.!
Brunner! HG,! Nelen! M,! Breakefield! XO,! Ropers! HH,! van! Oost! BA.! Abnormal! behavior!
associated! with! a! point! mutation! in! the! structural! gene! for! monoamine! oxidase! A.!
Science!1993,!262:!578–580.!
Buss! AH,! Durkee! A.! An! inventory! for! assessing! different! kinds! of! hostility.! J.' Consult.'
Psychol.!1957,!21(4):!3435349.!
!
Cardinal! RN,! Pennicott! DR,! Sugathapala! CL,! Robbins! TW,! Everitt! BJ.! Impulsive! choice!
induced!in!rats!by!lesions!of!the!nucleus!accumbens!core.!Science!2001,!292:!249952501.!
!
Carli!V,!Roy!A,!Bevilacqua!L!et!al.!Insomnia!and!suicidal!behavior!in!prisoners.!Psychiatry'
Res.!2010,!185!(152),!1415144.!
Cases! O,! Lebrand! C,! Giros! B! et! al.! Plasma! membrane! transporters! of! serotonin,!
dopamine,!and!norepinephrine!mediate!serotonin!accumulation!in!atypical!locations!in!
the!developing!brain!of!monoamine!oxidase!A!knock5outs.!J.Neurosci.!1998,!18:!6914–
6927.!
Casey!BJ,! Epstein! JN,!Buhle! J! et! al.! Frontostriatal! connectivity! and! its! role! in! cognitive!
control!in!parent5child!dyads!with!ADHD.!Am.'J.'Psychiatry!2007,!164:!1729–1736.!
48 
 
Caspi! A,! McClay! J,! Moffitt! TE! et! al.! Role! of! genotype! in! the! cycle! of! violence! in!
maltreated!children.!Science!2002,!297:!851–854.!
Caspi!A,!Sugden!K,!Moffitt!TE!et!al.!Influence!of!life!stress!on!depression:!moderation!by!
a!polymorphism!in!the!55HTT!gene.!Science!2003,!301(5631):!3865389.!
Cheung! AM,! Mitsis! EM,! Halperin! JM.! The! relationship! of! behavioral! inhibition! to!
executive! function! in! young! adults.! Journal' of' Clinical' and' Experimental'
Neuropsychology!2004,!26(3):!3935404.!
!
Chiavegatto!S,!Dawson!VL,!Mamounas!LA!et!al.!Brain!serotonin!dysfunciton!accounts!for!
aggression! in!male!mice! lacking! neuronal! nictric! oxide! synthase.!Proc.'Natl.' Acad.' Sci.'
USA.!2001,!98:!127751281.!
!
Cirulli! ET,! Goldstein! DB.! Uncovering! the! roles! of! rare! variants! in! common! disease!
through!whole5genome!sequencing.!Nature!2010,!11:4155425.!
!
Cloninger! CR,! Przybeck! TR,! Svrakic!DM.! The! Tridimensional! Personality!Questionnaire:!
U.S.!normative!data.!Psychol.'Rep.!1991,!69:!104751057.!
!
Coccaro!EF,!Bergeman!CS,!McClearn!GE.!Heritability!of!irritable!impulsiveness:!a!study!of!
twins!reared!together!and!apart.!Psychiatry'Res.!1993,!48:229–242.!
!
Coccaro!EF,!Kavoussi!RJ,!Hauger!RL,!Cooper!TB,!Ferris!CF.!Cerebrospinal!fluid!vasopressin!
levels:! correlates! with! aggression! and! serotonin! function! in! personality5disordered!
subjects.!Arch.'Gen.'Psychiatry.!1998,!55:!7085714.!
!
Cooper!GM!and!Shendure!J.!Needles!in!stacks!of!needles:!finding!disease5causal!variants!
in!a!wealth!of!genomic!data.!Nat.'Rev.'Genet.!2011,!12(9):6285640.!
Crabbe!JC,!Phillips!TJ,!Feller!DJ!et!al.!Elevated!alcohol!consumption!in!null!mutant!mice!
lacking!55!HT1B!serotonin!receptors.!Nat.'Genet.!1996,!14:!985101.!
Dalley! JW,! Everitt! BJ,! Robbins! TW.! Impulsivity,! compulsivity! and! top5down! cognitive!
control.!Neuron!2011,!69:!6805694.!
!
Daxinger!L,!Whitelaw!E.!Understanding!transgenerational!epigenetic!inheritance!via!the!
gametes!in!mammals.!Nat.'Rev.'Genet.!2012,!13(3):!1535162.!
!
De! Bellis! MD,! Chrousos! GP,! Dorn! LD! et! al.! Hypothalamic–pituitary–adrenal! axis!
dysregulation!in!sexually!abused!girls.!J.'Clin.'Endocrinol.'Metab.'1994,!78:!249–255.!
!
de!Quervain!DJ,!Fischbacher!U,!Treyer!V!et!al.!The!neural!basis!of!altruistic!punishment.!
Science!2004,!305:!1254–1258.!
49 
 
!
de! Wit! H,! Flory! JD,! Acheson! A,! McCloskey! M,! Manuch! SB.! IQ! and! nonplanning!
impulsivity!are! independently!associated!with!delay!discounting! in!middle5aged!adults.!
Personality'and'Individual'Differences!2007,!42(1):!1115121.!
!
de! Wit! H.! Impulsivity! as! a! determinant! and! consequence! of! drug! use:! a! review! of!
underlying!processes.!Addict.'Biol.!2009,!14:!22531.!
!
DeJong! J,! Virkkunen! M,! Linnoila! M.! Factors! associated! with! recidivism! in! a! criminal!
population.!J.'Nerv.'Ment.'Dis.'1992,!180(9):!5435550.!
!
Di!Chiara!G,!Bassareo!V.!Reward!system!and!addiction:!what!dopamine!does!and!doesn't!
do.!Current'Opinion'in'Pharmacology!2007,!7:!69576.!!
Di! Giovanni! G,! Esposito! E,! Di! Matteo! V.! Role! of! serotonin! in! central! dopamine!
dysfunction.!CNS'Neuroscience'&'Therapeutics!2010,!16:!1795194.!!
Diatchenko!L,!Slade!GD,!Nackley!AG!et!al.!Genetic!basis!for!individual!variations!in!pain!
perception!and! the!development!of!a! chronic!pain! condition.!Hum.'Mol.'Genet.! 2005,!
14:!135–143.!
Diaz! S,! Doly! S,! Narboux5Nême! N! et! al. 55HT2B! receptors! are! required! for! serotonin5
selective!antidepressant!actions.!Mol.'Psychiatry!2012,!17:!1545163.!!
Diergaarde! L,! Pattij! T,! Poortvliet! et! al.! Impulsive! choice! and! impulsive! action! predict!
vulnerability!to!distinct!stages!of!nicotine!seeking!in!rats.!Biol.'Psychiatry!2008,!63:!3015
308.!!
Dodds! CM,! Morein5Zamir! S,! Robbins! TW.! Dissociating! Inhibition,! Attention,! and!
Response!Control! in!the!Frontoparietal!Network!Using!Functional!Magnetic!Resonance!
Imaging.!Cereb.'Cortex!2010,!21(5):!115551165.!
!
Doly!S,!Bertran5Gonzalez! J,!Callebert! J!et!al. Role!of! serotonin!via!55HT2B!receptors! in!
the!reinforcing!effects!of!MDMA!in!mice.!PLoS!ONE!2009,!4:!e7952.!!
Doly! S,! Valjent! E,! Setola! V! et! al.! Serotonin! 55HT2B! receptors! are! required! for! 3,4!
methylenedioxymethamphetamine5induced! hyperlocomotion! and! 55HT! release! in! vivo!
and!in!vitro.!J.'Neurosci.!2008,!28:!2933–2940.!!
!
Dom! G,! De! Wilde! B,! Hulstijn! W,! van! den! Brink! W,! Sabbe! B.! Behavioural! aspects! of!
impulsivity! in! alcoholics! with! and! without! a! cluster5B! personality! disorder.! Alcohol'
Alcohol!2006,!41(4):!4125420.!
!
50 
 
Driessen! M,! Schroeder! T,! Widman! B,! Schonfeld! C,! Schneider! F.! Childhood! trauma,!
psychiatric! disorders,! and! criminal! behavior! in! prisoners! in! Germany:! a! comparative!
study!in!incarcerated!women!and!men.!J.'Clin.'Psychiatry'2006,!67:!1486–1492.!
!
Ducci!F!and!Goldman!D.!The!genetic!basis!of!addictive!disorders.!Psychiatr.'Clin.'N.'Am.!
2012,!35:4955519.!
!
Ducci!F,!Enoch!M5A,!Hodgkinson!C!et!al.! Interaction!between!a!functional!MAOA!locus!
and! childhood! sexual! abuse! predicts! alcoholism! and! antisocial! personality! disorder! in!
adult!women.!Mol.'Psychiatry'2008,!13:!334–347.!
Ducci! F,! Enoch!MA,! Yuan!Q! et! al.!HTR3B! is! associated!with! alcoholism!with! antisocial!
behavior! and! alpha! EEG! power55an! intermediate! phenotype! for! alcoholism! and! co5
morbid!behaviors.!Alcohol'2009,!43:!73584.!
Egan!MF,!Goldberg!TE,!Kolachana!BS!et!al.!Effect!of!COMT!Val108/158!Met!genotype!on!
frontal! lobe! function! and! risk! for! schizophrenia.!Proc.' Natl.' Acad.' Sci.' USA.! 2001,! 98:!
6917–6922.!
Enoch!M5A,!Hodgkinson!CA,!Yuan!Q!et!al.!The!Influence!of!GABRA2,!Childhood!Trauma!
and! their! Interaction! on! Alcohol,! Heroin! and! Cocaine! Dependence.! Biol' Psychiatry.'
2010b,!67(1):!20527.!!
!
Enoch!M5A,!Steer!CD,!Newman!TK,!Gibson!N,!Goldman!D.!The!Impact!of!Early!Life!Stress,!
MAOA,! and! Gene5Environment! Interaction! on! Behavioral! Disinhibition! in! Pre5Pubertal!
Children.!Genes'Brain'Behav.!2010a,!9:!65574.!
!
Enoch! M5A.! The! Role! of! Early! Life! Stress! as! a! Predictor! for! Alcohol! and! Drug!
Dependence.!Psychopharmacology'(Berl)!2011,!214(1):!17531.!!!
!
Epstein!JN,!Erkanli!A,!Conners!CK!et!al.!Relations!between!Continuous!Performance!Test!
performance! measures! and! ADHD! behaviors.! Journal' of' Abnormal' Child' Psychology!
2003,!31(5):!5435554.!
!
Ersche!KD,!Turton!AJ,!Pradhan!S,!et!al.!Drug!addiction!endophenotypes:!impulsive!versus!
sensation5seeking!personality!traits.!Biol.'Psychiatry!2010,!68(8):!7705773.!
!
Evenden!JL.!Varieties!of!impulsivity.!Psychopharmacology!(Berl.)!1999,!146:348–361.!
Everitt!BJ,!Belin!D,!Economidou!D!et!al.!Neural!mechanisms!underlying!the!vulnerability!
to! develop! compulsive! drug5seeking! habits! and! addiction.!Phil.' Trans.' R.' Soc.' Lond.' B.!
2008,!363:!3125–3135.!
51 
 
Eysenck! HJ,! Eysenck! SBG.! Personality! and! individual! differences:! A! natural! science!
approach.!New!York:!Plenum!Press!1985.!
Faraone! SV,! Mick! E.! Molecular! genetics! of! attention! deficit! hyperactivity! disorder.!
Psychiatr.'Clin.'North'Am.!2005,!33(1):!1595180.!
Ferris!CF.!Serotonin!diminishes!aggression!by!suppressing!the!activity!of!the!vasopressin!
system.!Ann!N'Y'Acad'Sci.'1996,!794:!985103.!
!
Garno!JL,!Gunawardane!N,!Goldberg!JF.!Predictors!of!trait!aggression!in!bipolar!disorder.!
Bipolar'Disord.!2008,!10(2):!2855292.!
!
Gibson!G.!Rare!and!common!variants:!twenty!arguments.!Nat.'Rev.'Genet.!2012,!13(2):!
1355145.!
!
Gilbert!R,!Widom!CS,!Browne!K!et!al.!Burden!and!consequences!of!child!maltreatment!in!
high5income!countries.!Lancet!2009,!373(9657):!68581.!!
!
Girault! JA,! Valjent! E,! Caboche! J,! Herve! D.! ERK2:! a! logical! AND! gate! critical! for! drug5
induced!plasticity?!Curr.'Opin.'Pharmacol.!2007,!7:!77578.!!
Goldman! D,! Bergen! A.! General! and! specific! inheritance! of! substance! abuse! and!
alcoholism.!Arch.'Gen.'Psychiatry!1998,!55:!9645965.!!
Goldman! D,! Ducci! F.! Deconstruction! of! vulnerability! to! complex! diseases:! enhanced!
effect!sizes!and!power!of!intermediate!phenotypes.!Scientific'World'Journal!2007,!2(7):!
1245130.!
!
Goldman!D,!Orszi!G,!Ducci!F.!The!genetics!of!addictions:!uncovering!the!genes.!Nat.'Rev.'
Genet.!2005,!6(7):!5215532.!
!
Goldman! D.! Gene! x! environment! interactions! in! complex! behavior:! First,! build! a!
telescope.!Biol.'Psychiatry!2010,!67(4):!29556.!
!
Gonon!FG.!Nonlinear!relationship!between!impulse!flow!and!dopamine!released!by!rat!
midbrain! dopaminergic! neurons! as! studied! by! in! vivo! electrochemistry.!Neuroscience!
1988,!24:!19528.!!
Grace!AA,!Bunney!BS.!The!control!of! firing!pattern! in!nigral!dopamine!neurons:! single!
spike!firing.!J.'Neurosci.'1984,!4:!286652876.!!
Grace!AA,!Bunney!BS.! The! control! of! firing!pattern! in! nigral! dopamine!neurons:! burst!
firing.!J.'Neurosci.!1984,!4:!287752890.!!
52 
 
Grad! I,! Picard! D.! The! glucocorticoid! responses! are! shaped! by! molecular! chaperones.!
Mol.'Cell'Endocrinol.!2007,!275:!2512.!
!
Grant!BF,!Stinson!FS,!Dawson!DA!et!al.!Co5occurrence!of!125month!alcohol!and!drug!use!
disorders! and! personality! disorders! in! the! United! States:! results! from! the! National!
Epidemiologic! Survey! on! Alcohol! and! Related! Conditions.!Arch.' Gen.' Psychiatry! 2004,!
61(4):!361–368.!
!
Grant!BF,!Stinson!FS,!Dawson!DA!et!al.!Prevalence!and!co5occurrence!of!sub!stance!use!
disorders! and! independent! mood! and! anxiety! disorders:! results! from! the! National!
Epidemiologic! Survey! on! Alcohol! and! Related! Conditions.!Arch.' Gen.' Psychiatry! 2004,!
61(8):!807–816.!
!
Gudbjartsson! DF,!Walters! GB,! Thorleifsson! G! et! al.!Many! sequence! variants! affecting!
diversity!of!adult!human!height.!Nat.'Genet.!2008,!40!(5):!6095615.!
!
Gustavsson! JP.! Swedish! universities! Scales! of! Personality! (SSP):! construction,! internal!
consistency!and!normative!data.!Acta!Psychiatr.!Scand.!2000,!102:!217–225.!
!
Hariri! AR,! Brown! SM,! Williamson! DE! et! al.! Preference! for! immediate! over! delayed!
rewards! is!associated!with!magnitude!of!ventral! striatal!activity.! J.'Neurosci.'2006,!26:!
13213513217.!
!
Hayes! DJ,! Greenshaw! AJ.! 55HT! receptors! and! reward5related! behavior:! a! review.!
Neurosci.'Biobehav.'Rev.!2011,!35:!141951449.!!
Heim!C,!Plotsky!P,!Nemeroff!C.!Importance!of!studying!the!contribution!of!early!adverse!
experiences!to!neurobiological!finding!in!depression.!Neuropsychopharmacology.!2004,!
29:!641–648.!
!
Hicks! BM,! Krueger! RF,! Iacono! WG! et! al.! Family! transmission! and! heritability! of!
externalizing!disorders.!Arch.'Gen.'Psychiatry!2004,!61:!9225928.!
!
Higley! JD,! Thompson! WW,! Champoux! M! et! al.! Paternal! and! maternal! genetic! and!
environmental! contributions! to! cerebrospinal! fluid! monoamine!metabolites! in! rhesus!
monkeys!(Macaca!mulatta).!Arch.'Gen.'Psychiatry!1993,!50(8):!6155623.!
!
Hodgkinson! CA,! Enoch! MA,! Srivastava! V,! et! al.! Genome5wide! association! identifies!
candidate!genes!that!influence!the!human!electroencephalogram.!Proc.'Natl.'Acad.'Sci.'
USA.!2010,!107(19):!869558700.!
!
Hodgkinson!CA,!Yuan!Q,!Xu!K!et!al.!Addictions!biology:!haplotype5based!analysis!for!130!
candidate!genes!on!a!single!array.!Alcohol'Alcohol.!2008,!43:!5055515.!!!
!
53 
 
Hopko!DR,!Lejuez!CW,!Daughters!SB!et!al.!Construct!validity!of!the!balloon!analogue!risk!
task! (BART):! relationship! with! MDMA! use! by! inner5city! drug! users! in! residential!
treatment.!Journal'of'Psychopathology'and'Behavioral'Assessment!2006,!28(2):!955101.!
!
Horn! NR,! Dolan! M,! Elliott! R,! Deakin! JF,! Woodruff! PW.! Response! inhibition! and!
impulsivity:!an!fMRI!study.!Neuropsychologia!2003,!41(14):!195951966.!
Hu! XZ,! Lipsky! RH,! Zhu! G! et! al.! Serotonin! transporter! promoter! gain5of5function!
genotypes!are!linked!to!obsessive5compulsive!disorder.!Am.'J.'Hum.'Genet.!2006,!78(5):!
8155826.!
Hunt!MK,!Hopko!DR,!Bare!R,!Lejuez!CW,!Robinson!EV.!Construct!validity!of!the!Balloon!
Analog! Risk! Task! (BART):! Associations! with! psychopathy! and! impulsivity.! Assessment!
2005,!12:!4165428.!
!
Hur! YM,! Bouchard! TJJr.! The! genetic! correlation! between! impulsivity! and! sensation!
seeking!traits.!Behav.'Genet.!1997,!27:4555463.!
!
Hyman! SE,! Malenka! RC,! Nestler! EJ.! Neural! Mechanisms! of! Addiction:! The! Role! of!
Reward5Related!Learning!and!Memory.!Annu.'Rev.'Neurosci.!2006,!29:!5655598.!
International!HapMap!Consortium,! Frazer!KA,!Ballinger!DG!et! al.!A! second!generation!
human!haplotype!map!of!over!3.1!million!SNPs.!Nature!2007,!449(7164):!8515861.!
!
International! HapMap! Consortium.! A! haplotype! map! of! the! human! genome.! Nature!
2005,!437(7063):!129951320.!
!
Ising! M,! Depping! AM,! Siebertz! A! et! al.! Polymorphisms! in! the! FKBP5! gene! region!
modulate!recovery!from!psychosocial!stress! in!healthy!controls.!Eu.r' J.'Neurosci.'2008,!
28:!3895398.!
!
Kable! JW,! Glimcher! PW.! The! neurobiology! of! decision:! consensus! and! controversy.!
Neuron!2009,!63:!7335745.!
!
Kaufman!J,!Plotsky!PM,!Nemeroff!CB,!Charney!DS.!Effects!of!early!adverse!experiences!
on!brain!structure!and!function:!clinical! implications.!Biol.'Psychiatry'2000,!48(8):!7785
790.!
!
Keller!MC,!Coventry!WL,!Heath!AC,!Martin!NG.!Widespread!evidence! for!non5additive!
genetic!variation! in!Cloninger’s!and!Eysenck’s!personality!dimensions!using!a!twin!plus!
sibling!design.!Behavior'Genetics!2005,!35(6):!7075721.!
!
54 
 
Kendler!KS,!Aggen!SH,!Czajkowski!N!et!al.!The!structure!of!genetic!and!environmental!
risk! factors! for! DSMIV! personality! disorders:! a! multivariate! twin! study.! Arch.' Gen.'
Psychiatry!2008,!65:!1438–1446.!
!
Kendler!KS,!Aggen!SH,!Knudsen!GP!et!al.!The!structure!of!genetic!and!environmental!risk!
factors!for!syndromal!and!subsyndromal!common!DSM5IV!axis!I!and!all!axis!II!disorders.!
Am.'J.'Psychiatry!2011,!168(1):!29539.!
!
Kendler!KS,!Schmitt!E,!Aggen!SH,!Prescott!CA.!Genetic!and!environmental!influences!on!
alcohol,! caffeine,! cannabis! and! nicotine! use! from! early! adolescence! to! middle!
adulthood.'Arch.'Gen.'Psychiatry!2008,!65(6):!6745682.!
!
Kessler! RC,! Crum! RM,! Warner! LA! et! al.! Lifetime! co5occurrence! of! DSM5III5R! alcohol!
abuse! and! dependence! with! other! psychiatric! disorders! in! the! National! Comorbidity!
Survey.!Arch.'Gen.'Psychiatry!1997,!54(4):!313–321.!!
!
Kirby!KN,!Petri!NM.!Heroin!and!cocaine!abusers!have!higher!discount!rates!for!delayed!
rewards!than!alcoholics!or!non5drug5using!controls.!Addiction!2004,!99:!4615471.!
!
Kirby!LG,!Zeeb!FD,!Winstanley!CA.!Contributions!of!serotonin!in!addiction!vulnerability.!
Neuropharmacology!2011,!61:!4215432.!!
Kong! A,! Steinthorsdottir! V,! Masson! G! et! al.! Parental! origin! of! sequence! variants!
associated!with!complex!diseases.!Nature!2009,!462(7275):!8685874.!
!
Koolhaas! JM,! van! den! Brink! THC,! Roozendaal! B,! Boorsma! F.! Medial! amygdala! and!
aggressive!behavior:!interaction!between!testosterone!and!vasopressin.!Aggress.'Behav.'
1990,!16:!2235229.!!
!
Kovacs!JK,!Foldes!A,!Sawchenko!PE.!Glucocorticoid!negative!feedback!selectively!targets!
vasopressin! transcription! in! parovocellular! neurosecretory! neurons.! J.' Neurosci.! 2000,!
20(10):!384353852.!!
!
Kreek!MJ,!Nielsen!DA,!Butelman!ER,!LaForge!KS.!Genetic! influences!on!impulsivity,!risk!
taking,!stress!responsivity!and!vulnerability!to!drug!abuse!and!addiction.!Nat.'Neurosci.!
2005,!8:!145051457.!!
Krishnan5Sarin!S,!Reynolds!B,!Duhig!AM!et!al.!Behavioral!impulsivity!predicts!treatment!
outcome! in! a! smoking! cessation! program! for! adolescent! smokers.! Drug' and' Alcohol'
Dependence'2007,'88:'79D82.'
!
Krueger!RF,!McGue!M,!Iacono!WG.!The!higher5order!structure!of!common!DSM!mental!
disorders:! internalization,! externalization,! and! their! connections! to! personality.! Pers.'
Individ.'Dif.!2001,!30:!1245–1259.!!
55 
 
Krueger!RF.!The!structure!of!common!mental!disorders.!Arch.'Gen.'Psychiatry!1999,!56:!
921–926.!
!
Lander!E.!The!new!genomics:!global!views!of!biology.!Science!1996,!274(5287):5365539.!
!
Lango!Allen!H,!Estrada!K,!Lettre!G!et!al.!Hundreds!of!variants!clustered!in!genomic!loci!
and!biological!pathways!affect!human!height.!Nature!2010,!467(7317):!8325838.!
Lappalainen!J,!Long!JC,!Eggert!M!et!al.!Linkage!of!antisocial!alcoholism!to!the!serotonin!
55HT1B!receptor!gene!in!2!populations.!Arch.'Gen.'Psychiatry!1998,!(55):!9895994.!
Launay! JM,! Schneider! B,! Loric! S,! Da! Prada!M,! Kellermann!O.! Serotonin! transport! and!
serotonin! transporter5mediated! antidepressant! recognition! are! controlled! by! 55HT2B!
receptor!signaling!in!serotonergic!neuronal!cells.!FASEB'J.!2006,!20:!184351854.!!
Lecrubier!Y,!Braconnier!A,!Said!S,!Payan!C.!The!impulsivity!rating!scale!(IRS):!preliminary!
results.!Eur.'Psychiatry!1995,!10(7):!3315338.!
!
Lee! B,! London! ED,! Poldrack! RA! et! al.! Striatal! dopamine! d2/d3! receptor! availability! is!
reduced! in! methamphetamine! dependence! and! is! linked! to! impulsivity.! J.' Neurosci.'
2009,!29(47):!14734514740.!
!
Lejuez!CW,!Read!JP,!Kahler!CW!et!al.!Evaluation!of!a!behavioral!measure!of!risk5taking:!
The!Balloon!Analogue!Risk!Task!(BART).!Journal'of'Experimental'Psychology!2002,!8:!755
84.!
!
Li! J,!Absher!DM,!Tang!H,!et!al.!Worldwide!human!relationships! inferred!from!genome5
wide!patterns!of!variation.!Science!2008,!319(5866):110051104.!
!
Li!X,!Lu!ZL,!D’Argembeau!A,!Ng!M,!Bechara!A.!The!Iowa!Gambling!Task!in!fMRI!images.!
Human'Brain'Mapping!2010,!31:!4105423.!
!
Limson! R,! Goldman! D,! Roy! A,! et! al.! Personality! and! cerebrospinal! fluid! monoamine!
metabolites!in!alcoholics!and!controls.!Arch.'Gen.'Psychiatry!1991,!48(5):!4375441.!
!
Lin! Z,!Walther! D,! Yu! X5Y,! Drgon! T,! Uhl! GR.! The! human! serotonin! receptor! 2B:! coding!
region! polymorphisms! and! association! with! vulnerability! to! illegal! drug! abuse.!
Pharmacogenetics!2004,!14:!8055811.!!
Linnoila! M,! Virkkunen! M,! Scheinin! M! et! al.! Low! cerebrospinal! fluid! 55
hydroxyindoleacetic! acid! concentration! differentiates! impulsive! from! nonimpulsive!
violent!behavior.!Life'Sci.!1983,!33(26):!260952614.!
56 
 
Logan! GD,! Schachar! RJ,! Tannock! R.! Impulsivity! and! inhibitory! control.! Psychological'
Science!1997,!8:!60564.!
!
Logan!GD.!On!the!ability!to!inhibit!thought!and!action.!A!user’s!guide!to!the!stop!signal!
paradigm.! In! Inhibitory! processes! in! attention,!memory! and! language.! San!Diego,! CA:!
Academic!Press:!D.!Dagenbach!and!T.H.!Carr!Eds!1994.!
!
Lüscher! C,! Bellone! C.! Cocaine5evoked! synaptic! plasticity:! a! key! to! addiction?! Nat.'
Neurosci!2008,!11:!7375738.!!
Lyons!MJ,!True!WR,!Eisen!SA,!Goldberg!J,!Meyer!JM,!Faraone!SV,!Eaves!LJ,!Tsuang!MT.!
Differential!heritability!of!adult!and!juvenile!antisocial!traits.!Arch.'Gen.'Psychiatry'1995,!
52(11):!9065915.!
!
MacMillan!HL,!Fleming!JE,!Trocmé!N!et!al.!Prevalence!of!child!physical!and!sexual!abuse!
in! the! community.! Results! from! the! Ontario! Health! Supplement.! JAMA! 1997,! 278(2):!
1315135.!
!
Mameli5Engvall!M,!Evrard!A,!Pons!S!et!al.!Hierarchical!control!of!dopamine!neuron5firing!
patterns!by!nicotinic!receptors.!Neuron!2006,!50:!9115921.!!
Mann!JJ,!Arango!VA,!Avenevoli!S!et!al.!Candidate!endophenotypes!for!genetic!studies!of!
suicidal!behavior.!Biol.'Psychiatry!2009,!65!(7):!5565563.!
!
Manolio!T,!Collins!FS,!Cox!NJ,!et!al.!Finding!the!missing!heritability!of!complex!diseases.!
Nature!2009,!461(7265):!7475753.!
!
Martinez! D,! Narendran! R,! Foltin! RW! et! al.! Amphetamine5induced! dopamine! release:!
markedly!blunted!in!cocaine!dependence!and!predictive!of!the!choice!to!self5administer!
cocaine.!Am.'J.'Psychiatry!2007,!164:!6225629.!!
Martinez!D,!Greene!K,!Broft!A!et! al.! Lower! level!of! endogenous!dopamine! in!patients!
with! cocaine! dependence:! findings! from!PET! imaging! of!D(2)/D(3)! receptors! following!
acute!dopamine!depletion.!Am.'J.'Psychiatry!2009,!166:!117051177.!!
Martinotti! G,! Carli! V,! Tedeschi! D! et! al.!Mono5! and! polysubstance! dependent! subjects!
differ!on!social!factors,!childhood!trauma,!personality,!suicidal!behaviour,!and!comorbid!
Axis!I!diagnoses.!Addict.'Behav.'2009,!34(9):!7905793.!
!
McBurnett! K,! Lahey! BB,! Rathouz! PJ,! Loeber! R.! Low! salivary! cortisol! and! persistent!
aggression! in!boys! referred! for!disruptive!behavior.!Arch.'Gen.'Psychiatry'2000,!57(1):!
38543.!
!
57 
 
McCrae!RR,!Costa!PT!Jr.!Personality!in!adulthood:!a!five!factor!theory!perspective.!New!
York:!Guilford!Press!2003.!
!
McGowan! P,! Sasaki! A,! D’Alessio! C! et! al.! Epigenetic! regulation! of! the! glucocorticoid!
receptor!in!human!brain!associates!with!childhood!abuse.!Nat.'Neurosci.!2009,!12:!342–
348.!!
!
Mehta!D,!Gonik!M,!Klengel!T!et!al.!Using!Polymorphisms!in!FKBP5!to!Define!Biologically!
Distinct!Subtypes!of!Posttraumatic!Stress!Disorder:!Evidence!From!Endocrine!and!Gene!
Expression!Studies.!Arch.'Gen.'Psychiatry!2011,!68(9):!9015910. 
!!
Mickey!BJ,!Sanford!BJ,!Love!TMet!al.!Striatal!Dopamine!Release!and!Genetic!Variation!of!
the!Serotonin!2C!Receptor!in!Humans.!J.'Neurosci.!2012,!32:!934459350.!!
Miczek! KA,! de! Almeida! RM.! Oral! drug! self5administration! in! the! home! cage! of! mice:!
alcohol5heightened! aggression! and! inhibition! by! the! 55HT1B! agonist! anpirtoline.!
Psychopharmacology!(Berl.)!2001,!157(4):!4215429.!
Moll! J,! Krueger! F,! Zahn! R! et! al.! Human! fronto5mesolimbic! networks! guide! decisions!
about!charitable!donation.!Proc.'Natl.'Acad.'Sci.!2006,!103:!15623–15628.!
!
Murphy!ER,!Robinson!ES,! Theobald!DE,!Dalley! JW,!Robbins! TW.!Contrasting!effects!of!
selective! lesions! of! nucleus! accumbens! core! or! shell! on! inhibitory! control! and!
amphetamine5induced!impulsive!behaviour.!Eur.'J.'Neurosci.!2008,!28:!353–363.!
Nandam! LS,! Hester! R,! Wagner! J! et! al.! Methylphenidate! but! not! atomoxetine! or!
citalopram!modulates! inhibitory! control! and! response! time! variability.!Biol.' Psychiatry!
2011,!69(9):!9025904.!
Neale!BM,!Kou!Y,!Liu!L!et!al.!Patterns!and!rates!of!exonic!de!novo!mutations!in!autism!
spectrum!disorders.!Nature!2012,!485(7397):!2425245.!
Neale! BM,!Medland! S,! Ripke! S! et! al.! Case5control! genome5wide! association! study! of!
attention5deficit/hyperactivity! disorder.! J.' Am.' Acad.' Child' Adolesc.' Psychiatry! 2010,!
49(9):!9065920.!
Nelson!MR,!Wegmann!D,!Ehm!MG!et!al.!An!Abundance!of!Rare!Functional!Variants! in!
202!Drug!Target!Genes!Sequenced!in!14,002!People.!Science!2012,!337:1005104.!
!
Nelson!RJ,!Trainor!BC.!Neural!mechanisms!of!aggression.!Nature!2007,!8:!5365546.!
!
Newman! JP,! Widom! CS,! Nathan! S.! Passive! avoidance! in! syndromes! of! disinhibition:!
Psychopathology! and! extraversion.! Journal' of' Personality' and' Social' Psychology! 1985,!
48:!131651327.!
58 
 
Ng!SB,!Buckingham!KJ,!Lee!C!et!al.!Exome!sequencing!identifies!the!cause!of!a!mendelian!
disorder.!Nat.'Genet.!2010,!42(1):!30535.!
!
Ng! SB,! Turner! EH,! Robertson! PD! et! al.! Targeted! capture! and! massively! parallel!
sequencing!of!12!human!exomes.!Nature!2009!461(7261):!27256.!
!
O'Roak! BJ,! Vives! L,! Girirajan! S! et! al.! Sporadic! autism! exomes! reveal! a! highly!
interconnected! protein! network! of! de! novo!mutations.!Nature! 2012,! 485(7397):! 2465
250.!
Paloyelis! Y,! Asherson! P,!Mehta!MA,! Faraone! SV,! Kuntsi! J.! DAT1! and!COMT!effects! on!
delay! discounting! and! trait! impulsivity! in! male! adolescents! with! attention!
deficit/hyperactivity! disorder! and! healthy! controls.! Neuropsychopharmacology! 2010,!
35(12):!241452426.!
Parsey!RV,!Oquendo!MA,!Simpson!NR!et!al.!Effects!of!sex,!age,!and!aggressive!traits! in!
man!on!brain! serotonin!55HT1A! receptor!binding!potential!measured!by!PET!using! [C5
11]WAY5100635.!Brain'Res.!2002!(954):!1735182.!
Pedersen!NL,!Plomin!R,!McClearn!GE,!Friberg!L.!Neuroticism,!extraversion,!and!related!
traits! in! adult! twins! reared! apart! and! reared! together.! J.' Pers.' Soc.' Psychol.! 1988,!
55:9505957.!
!
Peltonen!L,!Jalanko!A,!Varilo!T.!Molecular!genetics!of!the!Finnish!disease!heritage.!Hum.'
Mol.'Genet.'1999,!8:!1913–1923.!!
!
Perry!JL,!Carroll!ME.!The!role!of!impulsive!behavior!in!drug!abuse.!Psychopharmacology!
(Berl)!2008,!200:!1526.!
!
Piazza! PV,! Deminiere! JM,! Le! Moal! M,! Simon! H.! Factors! that! predict! individual!
vulnerability!to!amphetamine!self5administration.!Science!1989,!245:!151151513.!!
Pratt!WB,!Morishima!Y,!Murphy!M,!Harrell!M.!Chaperoning!of!glucocorticoid!receptors.!
Handb.'Exp.'Pharmacol.'2006,!172:!1115138.!
!
Pratt! WB,! Toft! DO.! Steroid! receptor! interactions! with! heat! shock! protein! and!
immunophilin!chaperones.!Endocr.'Rev.'1997,'18:!3065360.!
!
Rao!H,!Korczykowski!M,!Pluta!J,!Hoang!A,!Detre!JA.!Neural!correlates!of!voluntary!and!
involuntary! risk! taking! in! the! human! brain:! An! fMRI! study! of! the! Balloon! Analog! Risk!
Task!(BART).!Neuro'Image!2008,!42:!9025910.!
!
Reynolds!B,!Leraas!K,!Collins!C,!Melanko!S.!Delay!discounting!by!children!of!smokers!and!
nonsmokers.!Drug'and'Alcohol'Dependence!2009,!99:!3505353.!
59 
 
!
Reynolds! B,! Ortengren! A,! Richards! JB,! de! Wit! H.! Dimensions! of! impulsive! behavior:!
Personality!and!behavioral!measures.!Personality'and'Individual'Differences!2006,!40(2):!
3055315.!
!
Reynolds! B,! Schiffbauer! R.! Measuring! state! changes! in! human! delay! discounting:! an!
experiential!discounting!task.!Behav.'Processes!2004,!67(3):!3435356.!
!
Robbins! TW.! The! 55choice! serial! reaction! time! task:! behavioural! pharmachology! and!
functional!neurochemestry.!Psychopharmacology'(Berl.)!2002,!163:!3625380.!
!
Robinson!TE,!Berridge!KC.!Addiction.!Annu.'Rev.'Psychol.!2003,!54:!25553.!
Rosvold!HE,!Mirsky!A,!Sarason!L,!Bransome!ED.!Jr,!Beck!LH.!A!continuous!performance!
test!of!brain!damage.!Journal'of'Consulting'Psychology!1956,!20:!3345350.!
!
Roy!A,!Gorodetsky! E,! Yuan!Q,!Goldman!D,! Enoch!M5A.! Interaction!of! FKBP5,! a! Stress5
Related! Gene,! with! Childhood! Trauma! Increases! the! Risk! for! Attempting! Suicide.!
Neuropsychopharmacology'2010,!35:!1674–1683.!
Roy! A,! Hu! XZ,! Janal! MN,! Goldman! D.! Interaction! between! childhood! trauma! and!
serotonin! transporter! gene! variation! in! suicide.!Neuropsychopharmacology! 2007,! 32:!
2046–2052.!
Roy! A.! Urinary5free! cortisol! and! childhood! trauma! in! cocaine! dependent! adults.! J.!
Psychiatr.'Res.!2002a,!36:!173–177.!
!
Ruggiero! J,! Bernstein! D,! Handelsman! L.! Traumatic! stress! in! childhood! and! later!
personality!disorder:!a!retrospective!study!of!male!patients!with!substance!dependence.!
Psych.'Annals.'1999,!29:!713–721.!
Sakado! K,! Sakado! M,! Muratake! T,! Mundt! C,! Someya! T.! A! psychometrically! derived!
impulsive! trait! related! to! a! polymorphism! in! the! serotonin! transporter! gene5linked!
polymorphic!region!(55HTTLPR)!in!a!Japanese!nonclinical!population:!assessment!by!the!
Barratt! impulsiveness! scale! (BIS).!Am.' J.' Med.' Genet.' B' Neuropsychiatr.' Genet.! 2003,!
121B(1):!71575.!
Sanders!SJ,!Murtha!MT,!Gupta!AR!et!al.!De!novo!mutations! revealed!by!whole5exome!
sequencing!are!strongly!associated!with!autism.!Nature!2012,!485(7397):!2375241.!
!
Sarchiapone!M,!Cuomo!C,!Marchetti!M,!Roy!A.!Association!between!childhood!trauma!
and!aggression!in!male!prisoners.!Psychiatry'Res.'2009,!165(152):!1875192.!
!
60 
 
Schweitzer!JB,!Sulzer5Azaroff!B.!Self5control! in!boys!with!attention!deficit!hyperactivity!
disorder:! effects! of! added! stimulation! and! time.! J.' Child' Psychol.' Psychiat.' Appl.'
Disciplines!1995,!36:!671–686.!
!
Scott!DJ,!Heitzeg!MM,!Koeppe!RA,!Stohler!CS,!Zubieta!J5K.!Variations!in!the!human!pain!
stress! experience! mediated! by! ventral! and! dorsal! basal! ganglia! dopamine! activity.! J.'
Neurosci.!2006,!26:!10789510795.!!
Seroczynski! AD,! Bergeman! CS,! Coccaro! EF.! Etiology! of! the! impulsivity/aggression!
relationship:!genes!or!environment?!Psychiatry'Res.!1999,!86(1):!41557.!
!
Sheehan! DV,! Lecrubier! Y,! Sheehan! KH! et! al.! The! Mini5International! Neuropsychiatric!
Interview! (M.I.N.I.):! the! development! and! validation! of! a! structured! diagnostic!
psychiatric!interview!for!DSM5IV!and!ICD510.'J.'Clin.'Psychiatry'1998,'59(20):!22523.!
!
Shi!J,!Levinson!DF,!Duan!J!et!al.!Common!variants!on!chromosome!6p22.1!are!associated!
with!schizophrenia.!Nature!2009,!460(7256):!7535757.!
!
Shifman!S,!Bhomra!A,!Smiley!S!et!al.!A!whole!genome!association!study!of!neuroticism!
using!DNA!pooling.!Mol.'Psychiatry!2008,!3(3):!3025312.!
!
Sjöberg!RL,!Ducci!F,!Barr!CS!et!al.!A!non5additive!interaction!of!a!functional!MAO5A!VNTR!
and! testosterone! predicts! antisocial! behavior.! Neuropsychopharmacology! 2008,! 33:!
4255430.!
!
Small! KS,! Hedman! AK,! Grundgerg! E! et! al.! Identification! of! an! imprinted!master! trans!
regulator! at! the! KLF14! locus! related! to! multiple! metabolic! phenotypes.! Nat.' Genet.!
2011,!43(6):!5615564.!
!
Snoek!H,!Van!Goozen!SH,!Matthys!W,!Buitelaar!JK,!van!Engeland!H.!Stress!responsivity!in!
children!with!externalizing!behavior!disorders.!Dev.'Psychopathol.'2004,!16:!3895406.!
Soyka!M,!Preuss!UW,!Koller!G,!Zill!P,!Bondy!B.!Association!of!55HT1B!receptor!gene!and!
antisocial!behavior!and!alcoholism.!J.'Neural.'Transm.!2004,!111:!1015109.!
Speliotes!EK,!Willer!CJ,!Berndt!SI!et!al.!Association!analyses!of!249,796!individuals!reveal!
18!new!loci!associated!with!body!mass!index.!Nat.'Genet.!2010,!42(11):!9375948.!
!
Spitzer!RL,!Williams!JBW,!Gibbon!M.!Structured'Clinical'Interview'for'DSMDIV'(SCID).!New!
York:!New!York!State!Psychiatric!Institute,!Biometrics!Research,!1995.!
!
Sripada! CS,! Gonzalez! R,! Phan! KL,! Liberzon! I.! The! neural! correlates! of! intertemporal!
decision5making:!contributions!of!subjective!value,!stimulus!type,!and!trait! impulsivity.!
Hum.'Brain.'Mapp.!2011,!32(10):!163751648.!
61 
 
Stanford!MS,!Mathias!CW,!Dougherty!DM!et!al.!Fifty!years!of!the!Barratt!Impulsiveness!
Scale:!an!update!and!review.!Pers.'Individ.'Dif.'2009,!47:!3855395.!
!
Stephens! M,! Donnelly! P.! A! comparison! of! Bayesian! methods! for! haplotype!
reconstruction!from!population!genotype!data.'Am.'J.'Hum.'Genet.!2003,!73:!116251169.!
!
Stewart! J,! Badiani! A.! Tolerance! and! sensitization! to! the! behavioral! effects! of! drugs.!
Behav.'Pharmacol.!1993,!4:2895312.!!
Swann!AC,!Bjork!JM,!Moeller!FG,!Doughetry!DM.!Two!models!of!impulsivity:!relationship!
to!personality!traits!and!psychopathology.!Biological'Psychiatry!2002,!51:!9885994.!
!
Szabo!C,!Masiello!A,!Ryan!JF!et!al.!The!breast!cancer!information!core:!database!design,!
structure,!and!scope.!Hum.'Mutat.!2000,!16:123–131.!
Talpos! JC,!Wilkinson! LS,!Robbins! TW.!A! comparison!of!multiple!55HT! receptors! in! two!
tasks!measuring!impulsivity.!J.'Psychopharmacol.!2006,!20:!47558.!
Tannock!R,!Schachar!RJ,!Carr!RP,!Chajczyk!D,!Logan!GD.!Effects!of!methylphenidate!on!
inhibitory!control!in!hyperactive!children.!J.'Abnorm.'Child'Psychol.!1989,!17:!473–491.!
!
Tellegen!A,!Waller!N!G.!Exploring!personality!through!test!construction:!Development!of!
the!Multidimensional!Personality!Questionnaire.!Greenwich,!CT:!JAI!Press!1994.!
!
Tennessen!JA,!Bigham!AW,!O'Connor!TD!et!al.!Evolution!and!functional! impact!of! rare!
coding!variation!from!deep!sequencing!of!human!exomes.!Science!2012,!337(6090):!645
69.!
!
Terracciano! A,! Sanna! S,! Uda! M! et! al.! Genome5wide! association! scan! for! five! major!
dimensions!of!personality.!Mol.'Psychiatry!2010,!15(6):!6475656.!
!
Thombs! BD,! Lewis! C,! Bernstein! DP,! Medrano! MA,! Hatch! JP.! An! evaluation! of! the!
measurement! equivalence! of! the! Childhood! Trauma! Questionnaire! short! form! across!
gender!and!race!in!a!sample!of!drug5abusing!adults.'J.'Psychosom.'Res.'2007,'63:!391–
398.!
!
Thorgersen! S,! Czajkowski!N,! Jacobson!K! et! al.! Dimensional! representations! of!DSM5IV!
cluster! B! personality! disorders! in! a! population5based! sample! of! Norwegian! twins:! a!
multivariate!study.!Psychol.'Med.'2008,!38(11):!161751625.!
!
Tzschentke! TM.! Measuring! reward! with! the! conditioned! place! preference! (CPP)!
paradigm:!update!of!the!last!decade.!Addict.'Biol.!2007,!12:!2275462.!!
Valjent!E,!Bertran5Gonzalez!J,!Aubier!B!et!al.!Mechanisms!of!locomotor!sensitization!to!
62 
 
drugs! of! abuse! in! a! two5injection! protocol.!Neuropsychopharmacology! 2009,! 35:! 4015
415.!!
Veenema! AH,! Neumann! ID.! Central! vasopressin! and! oxytocin! release:! regulation! of!
complex!social!behaviors.!Prog.'Brain'Res.'2008,!170:!2615276.!
!
Verdejo5Garcia! A,! Lawrence! AJ,! Clark! L.! Impulsivity! as! a! vulnerability! marker! for!
substance5use!disorders:! review!of! findings! from!high5risk! research,!problem!gamblers!
and!genetic!association!studies.!Neurosci.'Biobehav.'Rev.!2008,!32:!7775810.!
!
Verweij!K,!Zietsch!BP,!Medland!SE!et!al.!A!genome5wide!association!study!of!Cloninger's!
temperament! scales:! implications! for! the! evolutionary! genetics! of! personality.! Biol.'
Psychol.!2010,!85(2):!3065317.!
!
Vezina! P.! Sensitization! of! midbrain! dopamine! neuron! reactivity! and! the! self5
administration! of! psychomotor! stimulant! drugs.' Neurosci.' Biobehav.' Rev.! 2004,! 27:!
8275839.!!
Virkkunen!M,!Linnoila!M.!Brain!serotonin,! type! II!alcoholism!and! impulsive!violence.! J.'
Stud.'Alcohol'Suppl.!1993,!11:!1635169.!
Virkkunen!M,!Rawlings!R,!Tokola!R!et!al.!CSF!biochemistries,!glucose!metabolism,!and!
diurnal! activity! rhythms! in! alcoholic,! violent! offenders,! fire! setters,! and! healthy!
volunteers.!Arch.'Gen.'Psychiatry!1994,!51(1):!20527.!
!
Virkkunen! M.! Urinary! free! cortisol! secretion! in! habitually! violent! offenders.! Acta'
Psychiatr.'Scand.'1985,'72(1):!40544.!
!
Volkow! ND,! Wang! G5J,! Fowler! JS,! Tomasi! D,! Telang! F.! Addiction:! beyond! dopamine!
reward!circuitry.!Proc.'Natl.'Acad.'Sci.'USA!2011,!108:!15037515042.!!
Walker!EA,!Unutzer!J,!Rutter!C!et!al.!Cost!of!health!care!use!by!women!HMO!members!
with!a!history!of!childhood!abuse!and!neglect.!Ach.'Gen.'Psychiatry'1999,!56:!6095613.!
!
Whiteside! SP,! Lynam! DR.! The! Five! Factor! Model! and! impulsivity:! using! a! structural!
model! of! personality! to! understand! impulsivity.!Personality' and' Individual' Differences!
2001,!30:!6695689.!
!
Widom!C.!The!cycle!of!violence.!Science'1989,!244:!1605166.!
!
Willour!VL,!Chen!H,!Toolan!J!et!al.!Family5based!association!of!FKBP5!in!bipolar!disorder.!
Mol.'Psychiatry'2008,!14(3):!2615268.!
!
63 
 
Winstanley!CA,!Theobald!DE,!Dalley! JW,!Cardinal!RN,!Robbins!TW.!Double!dissociation!
between! serotonergic! and! dopaminergic! modulation! of! medial! prefrontal! and!
orbitofrontal! cortex!during! a! test! of! impulsive! choice.!Cereb.' Cortex! 2006,! 16(1):! 1065
114.!
!
Winstanley!CA.!The!utility!of!rat!models!of!impulsivity!in!developing!pharmacotherapies!
for!impulse!control!disorders.!British'Journal'of'Pharmacology!2011,!164:!130151321.!
!
Yehuda! R,! Golier! JA,! Halligan! SL,! Meaney! M,! Bierer! LM.! The! ACTH! response! to!
dexamethasone!in!PTSD.!Am.'J.'Psychiatry!2004,!161(8):!139751403.!
!
Zanarini!MC,!Williams!AA,!Lewis!RE!et!al.!Reported!pathological!childhood!experiences!
associated!with! the!development!of! borderline!personality! disorder.!Am.' J.' Psychiatry'
1997,'154:!1101–1106.!
!
Zeeb! FD,! Robbins! TW,!Winstanley! CA.! Serotonergic! and! dopaminergic! modulation! of!
gambling! behavior! as! assessed! using! a! novel! rat! gambling! task.!
Neuropsychopharmacology!2009,!34!(10):!232952343.!
!
Zeggini!E,!Scott!LJ,!Saxena!R!et!al.!Meta5analysis!of!genome5wide!association!data!and!
large5scale! replication! identifies! additional! susceptibility! loci! for! type! 2! diabetes.!Nat.'
Genet.'2008,!40(5):!6385645.!
Zhou!Z,!Roy!A,!Lipsky!R!et!al.!Haplotype5based! linkage!of! tryptophan!hydroxylase!2! to!
suicide!attempt,!major!depression,!and!cerebrospinal!fluid!55hydroxyindoleacetic!acid!in!
4!populations.!Arch.'Gen.'Psychiatry!2005,!62:!110951118.!
Zietsch!BP,!Verweij!KJH,!Bailey!JM!et!al.!Genetic!and!environmental!influences!on!risky!
sexual!behavior!and!its!relationship!with!personality.!Behavior!Genetics!2010,!40(1):!125
21.!
Zubieta! JK,!Heitzeg!MM,!Smith!YR!et!al.!COMT!val158met!genotype!affects!mu5opioid!
neurotransmitter!responses!to!a!pain!stressor.!Science!2003,!299:!1240–1243.!
!
!
!
!
!
64 
 
9.!PUBLICATIONS!!
a)!Papers!
 
• Doly!S,!Bevilacqua! L,!Eddine!R,!Fernandez!SP,!Bertran5Gonzalez!J,!Valjent!E,!Belmer!A,!
Callebert!J,!Faure!P,!Hervé1!D,!Mickey!B,!Zubieta!JK,!Love!TM,!Stohler!CS,!Roy!A,!Launay!
JM,!Goldman!D,!Maroteaux!L.!Reduced!55HT2B!receptor!expression!predicts!mesolimbic!
dopamine!function!and!cocaine!dependence.!Under!revision.'!
!
• Lohoff! FW,! Hodge! R,! Narasimhan! S,! Nall! A,! Ferroro! TN,! Mickey! BJ,! Heitzeg! MM,!
Langenecker!SA,!Zubieta!JK,!Bogdan!R,!Nikolova!YS,!Drabant!E,!Hariri!AR,!Bevilacqua!L,!
Goldman! D,! Doyle! GA.! Functional! genetic! variants! in! the! vesicular! monoamine!
transporter! 1! (VMAT1)! modulate! emotion! processing.! Mol.' Psychiatry' Jan! 22.! doi:!
10.1038/mp.2012.193.![Epub!ahead!of!print].!
!
• Bevilacqua! L,! Carli! V,! Sarchiapone! M,! George! DK,! Goldman! D,! Roy! A,! Enoch! MA.!
Interaction!between!FKBP5'and!childhood!trauma!increases!risk!for!aggressive!behavior.!
Arch.'of'Gen.'Psychiatry'2011,'69(1):!62570.!!
!
• Carli!V,!Mandelli!L,!Poštuvan!V,!Roy!A,!Bevilacqua! L,!Cesaro!C,!Baralla!F,!Marchetti!M,!
Serretti!A,!Sarchiapone!M.!Self5harm!in!prisoners.!CNS'Spectrums'2011,'16(3):!67578.!
!
• Carli!V,!Roy!A,!Bevilacqua! L,!Maggi!S,!Cesaro!C,!Sarchiapone!M.! Insomnia!and!suicidal!
behavior!in!prisoners.!Psychiatry'Res.'2011,'185(152):!1415144.!!
!
• Bevilacqua! L,! Doly! S,! Kaprio! J,! Yuan! Q,! Tikkanen! R,! Paunio! T,! Zhou! Z,! Wedenoja! J,!
Maroteaux! L,! Diaz! S,! Hodgkinson! CA,! Dell’Osso! L,! Suvisaari! J,! Coccaro! E,! Rose! RJ,!
Peltonen! L,! Virkkunen! M,! Goldman! D.! A! population5! specific! stop! codon! in! HTR2B'
predisposes!to!severe!impulsivity.!Nature'2010,'468:!106151066.!!
!
• Perez5Rodriguez!MM,!Weinstein!S,!New!AS,!Bevilacqua!L,!Yuan!Q,!Zhou!Z,!Hodgkinson!C,!
Goodman! M,! Koenigsberg! HW,! Goldman! D,! Siever! LJ.! Tryptophan! Hydroxylase! 2!
haplotype! in!predicting!borderline!personality!disorder.! J.'Psychiatr.'Res.'2010,'44(15):!
107551081.!!
!
• Carlini!M,!Bizzarri!JV,!Bevilacqua!L,!Landi!P,!Marazziti!D,!Dell’Osso!L.!Gender!differences!
in!mood!symptomatology:!a!comparison!between!subthreshold!mood!spectrum!versus!
Axis!I!disorders.!Italian'Jounal'of'Psychopathology'2009,'15:!3185335.!!
!
• Marazziti!D,!Baldini!A,!Carlini!M,!Bevilacqua!L,!Catena!M,!Golia!F,!Picchetti!M,!Dell’Osso!
L:! Impatto! del! genere! sui! farmaci! psicotropi.! Italian' Journal' of' Psychopathology'2007,'
13:!69575.!!
!
!
65 
 
• Bevilacqua! L,! Carlini! M,! Rucci! P,! Catena! M,! Golia! F,! Cerrai! E,! Novelli! L,! Baldini! A,!!!
Dell’Osso! L:! Differenze! di! genere! nei! singoli! item! dello! SCI5MOODS! in! 102! pazienti!
bipolari!e!in!114!controlli.!Italian'Journal'of'Psychopathology'2006,'12(1):!237.!
!
b)!Reviews!
• Bevilacqua!L,!Goldman!D.!Genetics!of!impulsive!behavior.!Phil.'Trans.'Roy.'Soc.'B.'2013,'
368(1615):!20120380!
!
• Bevilacqua!L,!Goldman!D.!Genetics!of!Emotion.!Trends'in'Cognitive'Science'2011,'15(9):!
4015408.!
!
• Bevilacqua!L,!Goldman!D.!Genomics!of!Addictions.!Current'Psichiatry'Reviews'2010,'6:!
1225134.!!
!
• Bevilacqua! L,! Goldman! D.! Genes! and! Addictions.! Clin.' Pharmacol.' Ther.' 2009,! 85(4):!
3595361.!!
!
!
!
!
!
!
!
!
!
ARTICLE
doi:10.1038/nature09629
A population-specific HTR2B stop codon
predisposes to severe impulsivity
Laura Bevilacqua1, Ste´phane Doly2, Jaakko Kaprio3,4,5, Qiaoping Yuan1, Roope Tikkanen6, Tiina Paunio7, Zhifeng Zhou1,
JuhoWedenoja8,9, Luc Maroteaux2, Silvina Diaz2, Arnaud Belmer2, Colin A. Hodgkinson1, Liliana Dell’Osso10, Jaana Suvisaari7,
Emil Coccaro11, Richard J. Rose12, Leena Peltonen{, Matti Virkkunen6,13 & David Goldman1
Impulsivity, describing action without foresight, is an important feature of several psychiatric diseases, suicidality and
violent behaviour. The complex origins of impulsivity hinder identification of the genes influencing it and the diseases
withwhich it is associated. Herewe perform exon-focused sequencing of impulsive individuals in a founder population,
targeting fourteen genes belonging to the serotonin and dopamine domain. A stop codon inHTR2Bwas identified that is
common (minor allele frequency. 1%) but exclusive to Finnish people. Expression of the gene in the human brain was
assessed, aswell as themolecular functionality of the stop codon,whichwas associatedwithpsychiatric diseasesmarked
by impulsivity in both population and family-based analyses. Knockout of Htr2b increased impulsive behaviours in
mice, indicative of predictive validity. Our study shows the potential for identifying and tracing effects of rare alleles in
complex behavioural phenotypes using founder populations, and indicates a role for HTR2B in impulsivity.
Impulsivity is a broad term describing behaviour characterized by
action without foresight, decreased inhibitory control and a lack of
consideration of consequences1. Cognitive function, attention and res-
ponses to reward are factors that are thought to contribute to the trait of
impulsivity. Although impulsivity can be an adaptive dimension of
personality, intolerance for delay, disinhibition and the inappropriate
weighting of contingencies are maladaptive2. The behavioural manifes-
tations of impulsivity include suicide, addictions, attention deficit
hyperactivity disorder (ADHD) and violent criminality3, as well as
antisocial personality disorder (ASPD), borderline personality disorder
(BPD) and intermittent explosive disorder (IED). These behaviours
and diagnoses, including impulsivity itself, are moderately heritable4,5,
indicating that it should be feasible to identify genes influencing them.
Gene identification would also validate the idea that it is possible to
deconstruct the multi-process origins of impulsivity. Still, studies
demonstrating that genetic variation predicts impulsivity have been
relatively sparse6–11. The fact that few genes influencing impulsivity
have been discovered could reflect the complexity of the phenotype,
the nature of the samples or the methodologies used.
To detect novel alleles that influence impulsivity, we studied
severely impulsive Finnish criminal offenders and matched controls.
This study had six components (as charted in Supplementary Fig. 1):
resequencing and identification of putatively functional variants in
severe impulsive probands from a founder population; association
and linkagewith impulsive behaviour; population genetics; evaluation
of cognitive effects of the identified variant; gene expression and
functionality; and animal studies.
Exon-centric sequencing was performed on fourteen genes involved
indopamineor serotonin function (the genes are listed inSupplementary
Methods). Dysregulated activity of the monoamine neurotransmitters
has been implicated in impulsivity bothonaneuropharmacological basis
and a genetic basis via gene knockouts and/or association studies with
common functional variants. In rats, serotonin and dopamine interact
in the control of impulsive choice, with differential actions in regions of
the prefrontal cortex involved12. The spontaneous impulsivity of rats
correlates with lower levels of dopamine D2 receptors in the nucleus
accumbens, predicting liability to compulsive drug seeking and addic-
tion13; also, in humans a reduction in D2 receptors, as well as a decrease
in dopamine release, has been described in the ventral tegmental area of
cocaine abusers14. The serotonin system has long been implicated in
impulsivity15,16 and, in particular, impulsive aggression and suicide.
Maoa knockout mice have higher levels of monoamines and increased
aggressive behaviour17, and a functional variable number tandem repeat
(VNTR) in theMAOA regulatory region (MAOA-LPR) moderates the
effect ofmaltreatment on vulnerability to develop antisocial behaviour in
humans8,18. It has been shown that a stop codon variant that produces
complete deficiency of MAOA activity co-segregates with severe impul-
sivity6. Stress-modified associations with suicidality have been reported
also for a polymorphism in the serotonin transporter (degenerate repeat
polymorphic region 5-HTTLPR in SLC6A4)19,20.
Deep sequencing was recently successfully applied to gene iden-
tification in rare Mendelian disorders21. In the domain of complex
disorders, sequencing revealed putatively functional alleles at a gene
previously implicated by genome-wide association studies of type I
diabetes22. Here we attempted to use sequencing to identify novel loci
contributing to a non-Mendelian phenotype.
Sequencing Finnish impulsive subjects
Founder populations can increase power to detect effects of rare alleles.
At autosomal loci, Finns are equally as diverse as other Europeans, yet a
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restricted number of founders and isolation have moulded the Finnish
gene pool23. Many disease alleles are more abundant or unique to
Finland and conversely some disease alleles common in other
European populations are rare or nonexistent23. From the standpoint
of identifying rare or uncommon alleles with roles in complex pheno-
types, it is perhapsmost important that Finnish ancestry seems to have
reduced the genetic heterogeneity of various diseases. For seventeen
Finnish disease alleles, 70% of disease chromosomes (and as many as
98% for some diseases) were attributable to a single allele23.
Sequencing was conducted in 96 unrelated Finnish males with
impulsive behaviour and an equal number of unrelated Finnish males
free of psychiatric diagnoses (Supplementary Table 1 and Methods).
Probands had ASPD, BPD or IED and were all violent offenders and
arsonists who, because of the extreme nature of their crimes, under-
went inpatient forensic psychiatric examination at the University of
Helsinki at the time of their initial incarceration. ASPD and BPD
share genetic risk for impulsive aggression4, which is a central char-
acteristic of both of these personality disorders. Impulsivity is also key
to IED, described in the Diagnostic and Statistical Manual of Mental
Disorders III-R (DSM-III-R) as a failure to resist aggressive impulses.
The 96 cases were selected for resequencing from a larger cohort of
Finnish violent offenders comprising 228 cases on the basis that they
had the highest Brown–Goodwin Lifetime Aggression scores: 23.7
(standard deviation (s.d). 6 4.9) as compared to 8.1 (s.d.6 4.9) in
controls. Their higher scores were indicators of a life history of aggres-
sive, violent and impulsive behaviour as behavioural manifestations of
impulsive temperament. The 96male controls were free of DSM-III-R
Axis I and II diagnoses and matched for age, and were selected for
sequencing for single nucleotide polymorphism (SNP) discovery from
a larger control cohort comprising 295 individuals. As compared to
controls, cases also had significantly higher impulsivity (action on the
spur of the moment) scores on the Karolinska Scales of Personality
(P, 0.0001)24. However, analysis was conducted on a behaviourally
based phenotype, rather than a measure of temperament, because
behaviour has repeatedly shown the strongest relationship to biological
predictors, including genes. Genetic loci previously implicated in
impulsivity include theMAOA stop codon linked to impulsive beha-
viour in one Dutch family6, 5-HTTLPR at the serotonin transporter,
which predicts suicidality19,20, and the dopamine transporter VNTR,
which has been associatedwithADHD11. Impulsive behaviour also can
be predicted by neurotransmitters and endocrine factors, as illustrated
by associationswith brain serotonin turnover25, testosterone levels and
a gene–testosterone interaction9. Animal behavioural pharmacology,
gene knockout and strain-difference studies all primarily rely on mea-
sured behaviour. By selecting the most phenotypically extreme pro-
bands for sequencing, we increased the probability that we would
detect functional variants altering impulsivity. Clinical and criminal
records, including evaluation of premeditation and spontaneity of
crimes, were available for all cases.
Exonic and promoter regions (comprising 82 kb) were amplified in
pools of 12 genomic DNAs and sequenced simultaneously at 803
coverage on an Illumina Genome Analyser, as described in Methods.
Sequencing allowed us to identify and accurately estimate frequencies
of alleles (Supplementary Fig. 8 compares frequencies determined by
sequencing and genotyping; correlation coefficient r5 0.94). Of 360
SNPs identified, 44%were known (National Center for Biotechnology
Information (NCBI) Build128). Frequencies of novel SNPs ranged as
high as 0.2. Within 37 kb of protein-coding DNA, 25 synonymous
SNPs, of which 9 were novel, and 26 nonsynonymous SNPs (nsSNPs),
were detected. Of a total of 22 nsSNPs confirmed by Sanger sequencing,
10 were novel.
Association of putatively functional SNPs
Four nsSNPs were predicted to be functional according to both SIFT
(sorting intolerant from tolerant) and PolyPhen (polymorphism phe-
notyping): TPH2 Pro206Ser (rs17110563), DRD1 Ser259Tyr, HTR2B
Arg388Trp andHTR2BQ20*, a stop codon (Supplementary Table 5).
These four nsSNPs were genotyped in male Finnish cases and con-
trols. In a global test of association with an aggregate of potential
susceptibility variants, these four putatively functional variants were
twice as common in cases (13.0%) compared to controls (6.5%,
x25 6.76, P5 0.009; Supplementary Table 6). However, this global
association was driven by HTR2B Q20*. Seventeen out of two-
hundred and twenty-eight cases were heterozygous for HTR2B
Q20* compared to 7/295 controls (x25 7.26, P5 0.007; Supplemen-
tary Table 6), with an allele frequency in controls of 0.012. Eighty-nine
pedigrees comprising family members of the violent offenders were
collected and all were genotyped without pre-selection for phenotype
or genotype, identifying eight HTR2B Q20* carrier families (Fig. 1
andMethods). Affected status was defined as presence of ASPD, BPD,
or IED.The transmissiondisequilibriumtest detectedover-transmission
of Q20* to affected offspring (McNemar x25 5.0, P5 0.025). Similarly,
among affected individuals, 6/7 had Q20* transmitted, and among un-
affected individuals 10/14 did not have Q20* transmitted (Supplemen-
tary Table 7). From the cumulative binomial distribution, previously
proposed for linkage of functional loci in families26, the likelihood of
16/21 or more linked outcomes was 0.013.
TheHTR2B gene is on 2q36.3-q37.1, a location implicated in early-
onset obsessive compulsive disorder27 and illicit substance abuse28.
However, resequencing of HTR2B in these two studies yielded no
functional variants27,28. 5-HT2B receptor function in the brain is
mainly unknown; however, it has been shown that 3,4-methylene-
dioxymethamphetamine (MDMA, commonly known as ecstasy)
selectively binds and activates 5-HT2B receptors, inducing serotonin
release in mouse raphe nuclei, leading to dopamine release in the
nucleus accumbens and ventral tegmentum29, and 5-HT2B agonists
increase serotonin transporter phosphorylation30.
HTR2B Q20* in humans
We assessed molecular functionality of HTR2B Q20* by using RNA
and proteins extracted from lymphoblastoid cell lines, and in addition
HTR2B expression was measured in multiple brain regions, including
the frontal cortex, by quantitative polymerase chain reaction (qPCR;
Methods). Q20* led to variable nonsense-mediated RNA decay and
blocked expression of the 5-HT2B receptor protein (Fig. 2 and
Methods). HTR2B is widely expressed in the adult human brain,
and the frontal lobe is one of the regions where it is most highly
expressed (Methods and Supplementary Fig. 13).
HTR2B Q20* is apparently exclusive to Finns. In .3,100 indivi-
duals representative of worldwide diversity, including the Human
Genome Diversity Panel (Supplementary Table 8), one additional
Q20* carrier was observed: a female with a Finnish surname and with
alcoholism. Indicative of a common origin and founder population
effect, Q20* was found on a single haplotype background (Sup-
plementary Fig. 9), and in Finns who were likely to be non-admixed
(Supplementary Fig. 2). Genetic subisolates have been identified
within Finland, including families in Eastern Finland. Also, the
Finnish population apparently was founded by two waves of migra-
tion: Eastern Uralic founders arrived 4,000 years ago, followed by
Indo-European speakers 2,000 years later23. However, it is unlikely
that the Q20* association is an occult admixture artefact because
Q20* carriers are common across Finland (in Middle, Western and
Eastern regions) (Supplementary Fig. 3), and cases and controls did
not differ in Finnish ancestry (Supplementary Fig. 4 and Methods).
In the 17 violent offenders (from the case–control study)who carried
Q20*, impulsivity had a strong role in their crimes. Although convicted
for a variety of offences including homicide, attempted homicide,
arson, battery and assault, 94% of their crimes were committed under
the influence of alcohol. The crimes of the Q20* carrier probands
occurred as disproportionate reactions to minor irritations and were
unpremeditated, without potential for financial gain and recurrent.
From court records up to an average age of 43, Q20* carriers had
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committed an average of 5 violent crimes (range 2–12). TheQ20* cases
tended to fulfil the criteria for ASPD (82%) and IED (57% meeting 3
out of 4 IED criteria), except that alcoholism, ASPD and BPD are
exclusionary for IED. Overall, Q20* carriers were cognitively normal
(mean IQ, 98; s.d., 14.9; range 75–124; two with IQ ,87, Wechsler
Adult Intelligence Scale).
In temperament—as measured by the Tridimensional Personality
Questionnaire—Q20* carriers, like others with ASPD, score more
highly in ‘novelty seeking’ and ‘harm avoidance’, but are otherwise
more socially attached, empathic and dependent than the other violent
offenderswithin the study group (SupplementaryData). Extrapolating
from theQ20* frequency of 0.012 (and with 174Q20* carriers directly
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Figure 1 | HTR2B Q20* co-segregates with impulsivity. Co-segregation of HTR2B Q20* with ASPD and alcohol use disorder (AUD) in eight informative
families.
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genotyped), 53,000 Finnish males (and as many females) are hetero-
zygous. However, although few Q20* carriers are criminals, violent
criminals with Q20* seem to represent some of the most impulsive
individuals within our violent offender cohort. Among 100–155 homi-
cides annually in the Finnish population of 5.3 million, there are few
instances of multiple homicide. In our sample, only three individuals
were convicted of multiple homicide, and all three carried the Q20*
allele.
In our sample, the influence of Q20*was not due to interaction with
MAOA or serotonin transporter genotypes (data not shown). However,
it was not possible to rule out other gene interactions, or a modifying
roleof stress. Cerebrospinal fluidmonoaminemetabolite levels, another
potential confounding factor, did not differ in Q20* carriers (Sup-
plementary Data). Therefore, it is unlikely that their impulsivity was
due to low turnover of serotonin, dopamine or norepinephrine or that
Q20* substantially affects monoamine metabolism, as does theMAOA
stop codon6.
Risk conferred by Q20* seems to be modulated by sex and alcohol.
Worldwide, suicide accounts for 1.5% of deaths, and Finland has a very
high suicide rate, especially among men32. In our study, 70% of the
Q20* male cases showed impulsive suicidal behaviour (for example,
slashings, hanging attempts, drug overdoses) usually while intoxicated,
for an average of 3.2 suicide attempts. At age 33.5 (s.d.6 11), 66% had
at least one life-threatening suicide attempt. It is unknown if suicide
risk conferred byQ20* extends to the general population, whosemem-
bers are at lower risk. Males are more likely to commit suicide32 and to
have ASPD and aggression, with a tenfold higher preponderance for
the early-onset life-course-persistent variant of ASPD33. Moreover,
alcohol-related violence is known to be higher among males, and the
serotonin system is thought to contribute to individual differences in
alcohol-facilitated impulsive aggression34.
In the violent offender cohort, Q20* carrierswere cognitively normal
and in almost every instance acted out on their impulsivity only when
inebriated. Having found the association of Q20* with impulsivity in a
phenotypically extreme sample, it was important to define Q20* fre-
quency and relationship to behaviour in the wider population, even
though the only possible follow-up was in Finland. In .6,000 Finns
ascertained epidemiologically (rather than from the criminal popu-
lation), the Q20* allele frequency was 0.012 (the same as the frequency
in controls) (Supplementary Table 9). We identified one Q20* homo-
zygote, a young male adult with no major medical illness but with a
history of violent behaviour while under the influence of alcohol
(Supplementary Methods).
We followed up the cognitive effects ofQ20* in 933 individuals in the
FinnTwin12 and FinnTwin16 studies (22 with the stop codon) (Sup-
plementary Methods). Overall, Q20* carriers were again cognitively
normal.However,male (but not female)Q20* carriers had significantly
lower Digit Span Forward (P5 0.002) and Backward (P, 0.001)
scores, possibly indicating selective impairment in working memory
(Supplementary Fig. 12), a specific measure of frontal cortical function.
Htr2b2/2mice
Although severe developmental consequences have been observed in
Htr2b knockout mice, approximately 50% of the mice that survive the
first postnatal week are apparently normal as adults35. These mice
were reported to be impulsive in an open field novelty test29. We
assessedHtr2b knockoutmice for five separatemeasures of impulsivity
and novelty seeking: delay discounting, activity in a novel environ-
ment, exposure to a novel object, motor activity after a dopamine D1
receptor agonist, and decreased latency to eat in the novelty suppressed
feeding test (hyponeophagia). TheHtr2b2/2miceweremore impulsive
andmore responsive to novelty in all of these tests (Fig. 3). In rats, both
impulsivity and response to novelty are predictors for the development
of addiction-like behaviours36. In addition to their differences in beha-
viour,Htr2b2/2males had a threefold elevation in plasma testosterone
(Fig. 3 and Supplementary Methods). Testosterone (measured in the
cerebrospinal fluid of nine heterozygous violent offenders) also seemed
to be higher in human males carrying Q20* (Supplementary Fig. 11).
This raises the possibility of an interaction betweenQ20* and testoster-
one contributing to impulsive behaviours, as was reported between
MAOA and testosterone in the same population of Finns that we
studied here9.
Discussion
The aim of this study was to identify genetic variation associated with
impulsivity, an intermediate phenotype thought to contribute to several
psychiatric disorders including addictions12. The goal is to track shared
genetic factors in these diseases and to contribute to their reconceptua-
lization on a neurobiological basis. Another purpose of identifying
genes influencing impulsivity is to determine which of the potential
aetiologies and types of impulsivity, for example novelty seeking versus
executive dysfunction36, are important in human populations. The dis-
covery of genes influencing impulsive behaviourwould validate the idea
that it is possible to deconstruct the multi-process origins of impulsive
behaviour.
HTR2B Q20* is associated and co-segregates with disorders char-
acterized by impulsivity, reflected in severe crimes committed on the
spur of the moment—as documented by criminal and clinical
records—and under alcohol intoxication, a condition where impulse
control is impaired. Thus, the Q20* allele can be regarded as one
determinant of behavioural variation. However, the presence of
Q20* was not in itself sufficient: male sex, testosterone level, the
decision to drink alcohol, and probably other factors such as stress
exposure, all have important roles. Although relatively common in
Finland, HTR2B Q20* is unlikely to explain a large fraction of the
overall variance in impulsive behaviours. There are likely to be many
pathways to impulsivity in its various manifestations, and the genetic
association may be present only in the most phenotypically extreme.
It is unsurprising that a stop codon variant discovered by sequen-
cing within a founder population is common only in it, and even
restricted to it. However, this observation is also in line with the
significance of Q20* as a complete loss of function variant, and with
the behavioural consequences in some heterozygous carriers. The
relatively high frequency of Q20* in Finns would thus reflect its status
as a founder mutation, in contrast withMAOA, COMT and SLC6A4
(previously known asHTT) alleles that are common worldwide, more
modestly affect molecular function, and may have counterbalancing
selective advantages. However, it is highly unlikely that Finns are
unique in possessing a severe genetic variation leading to impulsivity.
There is the previous example of theMAOA stop codon found in one
Dutch family. On average, ten or more heterozygous stop codons
reside in the genomes of each individual of European ancestry21,
but perhaps because the source populations from which the probands
were sequenced did not have founder characteristics, no common
stop codon had yet been reported for a neurotransmitter gene.
Although rare variants identified in founder populations are more
likely to be confined to those populations, analyses of the relationship
between gene variation and phenotype can be conducted within the
founder population, identifying new candidate genes and pathways
influencing behaviour or other aetiologically complex phenotypes.
Ashas often been illustrated, the availability ofmouse geneticmodels,
including gene knockouts, offers an opportunity to test the predictive
validity of genetic discoveries and to define effects in contexts where
genetic background and environment are better controlled. The Htr2b
mouse knockout reveals more general effects of 5-HT2B deficiency on
behaviour, including effects on novelty seeking. This could be explained
by pleiotropic actions of the serotonin 2B receptor. On the other hand,
the effect of theHtr2b knockout on delay discounting seems to validate
the effect of theQ20* stop codonon impulsivity in people. In people, we
observed a significant association between theHTR2BQ20* variant and
impairment inworkingmemory, a neurocognitive process contributing
or predictive of executive cognitive function. The ability to store and
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integrate knowledge about possible choices with the current context
enables the individual to select appropriate cognitive strategies and
generate optimal reactions. This is coherent with the impulsivity
observed in HTR2B Q20* cases, who seemed deficient in the ability to
weigh the consequences of their acts.
The use of deep sequencing to detect a stop codon associated with
impulsivity in a founder population reveals a role for theHTR2B gene
in behaviour. It also indicates that this approach may be applicable to
other complex behavioural traits, including those diseases for which
impulsivity is itself an intermediate phenotype.
METHODS SUMMARY
Fourteen serotonergic and dopaminergic genes were resequenced (Solexa GA2)
in 96 Finnish Caucasian male violent offenders and 96 matched controls free of
psychiatric diagnoses. Exon-centric sequencing was performed by amplifying 108
regions, for a total of 82 kb, in pools of 12 subjects.HTR2BQ20*was genotyped in
a Finnish sample of 228 cases and 295 controls, in 89 Finnish families, and in
5,684 individuals belonging to either a Finnish family data set (N5 1,885), the
Older Finnish Twin cohort (N5 2,388) or the FinnTwin16 and FinnTwin12
studies (N5 1,411), as described in detail in Supplementary Methods, and in
.3,100 samples representing worldwide diversity. Genotyping was performed
with a custom59 exonuclease assay (Applied Biosystems 7900) using these primers
and probes: forward primer, 59-AGAGTGTCTGAACTTCAAAGCACAA-39;
reverse primer, 59- TCCAGACCAGTTAGAAGAGATAACGT-39; probe 1,
59-AGGTGCTCTGCAAAAT-39; probe 2, 59-AGGTGCTCTACAAAAT-39.
One-hundred and eight-six ancestry informative markers were genotyped on
1536-SNP arrays (Illumina). qPCR for HTR2B expression in 13 human brain
regions was determined by ABI Taqman gene expression assays (Hs01118766
and Hs00168362). b-actin was the internal control. Total protein and total RNA
were extracted from lymphoblastoid cell lines using theTRIzol LS reagent protocol
(Invitrogen). Nonsense-mediated RNA decay was detected by sequencing on a
3700ABI capillary sequencer complementary DNA from HTR2B Q20/Q20*
heterozygotes. HT2B protein wasmeasured in 12 FinnishQ20/Q20 homozygotes
and 14 Finnish Q20/Q20* heterozygotes. Blots were probed with antisera raised
against the amino-terminal (mouse monoclonal antibody; Novus Biologicals),
internal (goat polyclonal antibody; Santa Cruz Biotechnology), or carboxy-
terminal (rabbit polyclonal antibody; Santa Cruz Biotechnology) regions of the
HT2B receptor, and GAPDH antibody (Millipore). Densitometry was performed
using National Institutes of Health (NIH) ImageJ.Htr2b2/2 knockout mice were
made in a pure 129Sv/PAS background and compared to 129/SvPAS control
mice (8–10 weeks old) for four measures of response to novelty and for delay
discounting.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | Increased impulsivity and novelty seeking in Htr2b2/2 mice.
a, b, Increased locomotor response ofHtr2b2/2mice to environmental novelty
(a) and to a dopamine D1 receptor agonist (SKR 81297) (b). WT, wild type.
c, Increased number of contacts of Htr2b2/2 mice with a novel object.
d, Increased delay discounting of Htr2b2/2mice. LL, large and late hole, nose
pokes leading to delivery of a larger but later reward. e, Reduced hyponeophagia
in 18-h starved Htr2b2/2 mice. f, Male Htr2b2/2 mice have threefold higher
plasma testosterone levels as compared to control mice. *P, 0.05, **P, 0.01,
***P, 0.001. Error bars are data 6 standard error.
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METHODS
Human studies.Written informed consent was obtained from each participant.
Protocols were approved by the Institutional Review Board (IRB) of the NIH and
the National Institute of Mental Health (NIMH), by the Office for Protection
from Research Risks (OPRR), Indiana University IRB, by the University of
Helsinki Department of Psychiatry IRB, by the University of Helsinki Central
Hospital IRB, the University of Turku Central Hospital IRB, and by the Ministry
of Social Affairs and Health and the Ethics Committee of the National Public
Health Institute of Finland.
Animal studies.Mice were housed under controlled environmental conditions.
Behavioural tests and animal care were conducted in accordance with standard
ethical guidelines (NIH’s ‘‘Guide for the Care and Use of Laboratory animals’’,
and the European Communities Council European Communities Directive 86/
609 EEC). All experiments involving mice were approved by the Ile de France
Regional Ethics Committee for Animal Experiments.
Finnish violent offenders’ cohort and controls.Caseswere 228 unrelated Finnish
male violent offenders and arsonists (Supplementary Table 1) who, because of the
extreme nature of their crimes, underwent forensic psychiatric examination at the
time of their initial incarceration. They were studied as inpatients at theUniversity
of Helsinki25,37. These subjects were diagnosed with the Structural Clinical
Interview for DSM (SCID) according to DSM-III-R criteria for ASPD, BPD and
IED. Excluded were subjects with schizophrenia or a history of psychosis. Ninety-
six cases were selected for resequencing from the larger Finnish case cohort,
comprising 228 individuals with diagnoses of ASPD, BPD and IED, on the basis
that they had the highest Brown–Goodwin LifetimeAggression (BGLAS) scores38,
with scores of 23.7 (s.d.6 4.9) out of a theoretical maximum of 36. Controls
(N5 295) were unrelated, nonimpulsive Finnish volunteers recruited by adver-
tisements in local newspapers, paid for their participation and psychiatrically
interviewed by trained psychiatrists. Cases and controls were independently
blind-rated from interview data by two research psychiatrists under the super-
vision of a senior research psychiatrist. Inter-rater reliability was high, and differ-
ences were resolved by the senior psychiatrist. Controls were free of ASPD, BPD,
IED, psychosis or schizophrenia but some had mood or anxiety disorders or
alcohol use disorder (Supplementary Table 1). Ninety-six male controls free of
Axis I and II diagnoses andmatched for age were selected for sequencing for SNP
discovery from a cohort of 295 controls. Controls had a BGLAS score of 8.1
(s.d.6 4.9).
A total of 89 pedigrees were collected. Family members were interviewed using
the SCID and diagnosed using DSM-III-R criteria. DNA and data were available
for 397 subjects in families. Genomic DNA was prepared from lymphoblastoid
cell lines.
Resequencing. For the exon-centric targeting of 14 candidate genes, we custom-
designed or used Applied Biosystem oligonucleotide primers to amplify 108
target regions that covered exons, flanking regions and ,800–1,000 bp of the
upstream regions of 14 genes, for a total of 82 kb (Supplementary Table 2).
DNA samples were individually quantified in three replicates by RT–PCR,
using TaqMan RNase P Detection Reagent kits (FAM) and Roche human
DNA standards, and were normalized to 10 ng ml21. Eight DNA pools (12 sub-
jects per pool) were made with equal amounts of DNA from 96 Finnish cases and
in parallel fashion eight pools were made from 96 Finnish controls. Average
sequencing coverage per individual per nucleotide was 803.
ForDNAamplification,DNApoolswere amplified in 108 separate PCR reactions
(Supplementary Methods).
Before DNA sequencing, amplicon concentrations were normalized using
SequalPrep Normalization Plate kits (Invitrogen). All amplicons from the same
DNApoolwere combined. TheDNAwas sheared by sonication and purifiedwith
QIAquick PCR purification kits (QIAGEN). Genomic DNA preparation kits and
protocol (Illumina) were used to prepare sequencing libraries.
Analysis of sequence data was carried out by calling sequences from image files
with the Illumina Genome Analyser Pipeline and aligning them to human ref-
erence sequences from NCBI build 36.3 using the Illumina Eland software. Each
36-base read was uniquely mapped to the human reference genome. Sequence
reads with more than two mismatches were excluded. Sequence reads with
alternative alleles that did not exactly match the reference genome did uniquely
map to the corresponding location in the reference sequence. Additional results
are described in Supplementary Data.
Capillary electrophoresis sequencing. nsSNPs were validated by Sanger sequen-
cing using the BigDye Terminator Sequencing Mix (Applied Biosystems) and
analysed on the Applied Biosystems 3730 DNA Analyser. Of 26 nsSNPs, 22 were
validated, and overall 30/34 SNPs tested in this way were validated.
Predicted functionality. Missense, nonsense and synonymous variants were
predicted to be probably damaging or damaging for protein function via
PolyPhen and SIFT amino acid substitution prediction methods. Four variants
(DRD1 S259Y, HTR2B R388W, HTR2B Q20* and TPH2 P206S—rs17110563)
scored as damaging or intolerant by both methods were used in a global test of
proportion of rare functional variants in cases (ASPD, BPD or IED) and controls.
Genotypes of the four SNPs were collapsed so that an individual was coded as 1 if
a rare allele was present and otherwise as 0. Frequencies of putatively functional
variants were globally compared between cases and controls, with the null hypo-
thesis being a lack of difference between cases and controls in the proportion
carrying the putatively functional variants. A case–control association test was
also performed for HTR2B Q20* alone. Pearson x2 test was used to test the null
hypothesis. All analyses were conducted using JMP software v7.0 (SAS Institute).
The criterion for statistical significance was set at 0.05.
Genotyping. HTR2B Q20* was genotyped in 228 Finnish cases and 295 Finnish
controls and in 89 pedigrees belonging to the Finnish cohort for a total of 352
subjects. Taking into account the fact that some families had affected probands,
we genotyped a total of 872 FinnishDNAs. In addition to the Finnish case/control
and family data set and over 3,100 samples representing worldwide diversity, we
also genotyped a total of 5,684 individuals belonging to either a Finnish family
data set (N5 1,885), or to the Older Finnish Twin cohort (N5 2,388) and the
FinnTwin16 and FinnTwin12 studies (N5 1,411), as described in Supplementary
Methods.
Genotyping of Q20* was performed with a custom 59 exonuclease assay
(Applied Biosystems 7900) using these primers and probes: forward primer,
59-AGAGTGTCTGAACTTCAAAGCACAA-39; reverse primer, 59- TCCAGAC
CAGTTAGAAGAGATAACGT-39; probe 1, 59-AGGTGCTCTGCAAAAT-39;
probe 2, 59-AGGTGCTCTACAAAAT-39.
Ancestry informative markers. A panel of 186 ancestry informative markers
were genotyped on 1536-SNP arrays (Illumina)39. No difference was detected
between cases (ASPD, BPD and IED) and controls in proportions of ancestries.
The pattern ofmeasured ancestry for seven ancestry factors derived separately for
each subject was compared between controls (N5 279) and cases (N5 220) with
reference to the Human Genome Diversity Panel (HGDP) (1,051 DNAs repre-
senting 51 populations worldwide).
Finnish ancestry was measured using 177 ancestry informative markers in 29
Q20* carriers, 580 other Finns, and 200 individuals representing 10 European
populations in HGDP. Principal component analysis was performed with
EIGENSTRAT.
For HTR2B RNA and protein expression studies, total protein and RNA were
extracted from lymphoblastoid cell lines using the TRIzol LS reagent protocol
(Invitrogen).
HTR2B cDNA sequencing for nonsense-mediated decay. Nonsense-mediated
RNA decay was detected by sequencing cDNA from HTR2B Q20/Q20* hetero-
zygotes on a 3700ABI capillary sequencer (Fig. 2 and Supplementary Methods).
The sequences of the upstream and downstream oligonucleotides were as follows:
59-gagtgtttggcatggttaca-39and39-accaggcaggacatagaaca-59(SupplementaryMethods).
HTR2B Q20 and Q20* transcripts were quantified by comparing the relative
intensities of the Q20 and Q20* sequencing peaks within each heterozygous indi-
vidual (Supplementary Methods).
Western blots. HT2B protein was measured in 12 Finnish Q20/Q20 homozy-
gotes and 14 Finnish Q20/Q20* heterozygotes. Western blots were prepared
using 50 mg of protein per lane on a 10% Bis-Tris gel (Invitrogen). Separated
proteins were transferred to nitrocellulose using the iBlot transfer system
(NuPage; Invitrogen). Blots were probed with antisera raised against the
amino-terminal (mouse monoclonal antibody; Novus Biologicals), internal (goat
polyclonal antibody; Santa Cruz Biotechnology) or carboxy-terminal (rabbit
polyclonal antibody; Santa Cruz Biotechnology) regions of the HT2B receptor,
and GAPDH antibody (Millipore).
Antibody binding was visualized on X-ray film (Kodak XAR) using chemi-
luminescence (ECL Plus, GE Healthcare). Densitometry was performed using
NIH ImageJ. Ratios between the 5-HT2B receptor and the housekeeping protein
GAPDH were calculated to normalize 5-HT2B protein quantity.
qPCR for HTR2B in human brain. qPCR for HTR2B expression in 13 human
brain regions was determined by ABI Taqman gene expression assays
(Hs01118766 and Hs00168362). b-actin was the internal control.
Neuropsychological assessment.Neuropsychological assessmentwas conducted
on both the combined FinnTwin16 and FinnTwin12 cohorts (described in
Supplementary Methods) for measures of verbal intellectual ability, working
memory and executive function. Working memory was assessed with the Digit
Span Forward and Backward subtests of the Wechsler Memory Scale-Revised
(WMS-R). We analysed the combined FinnTwin16 and FinnTwin12 data sets. A
linear regression model was constructed using performance on the working
memory test as the dependent variable and sex and genotype as independent
variables. Sex was a significant predictor, so the sample was stratified into male
and female. Male heterozygotes performed significantly worse on the Digit Span
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Backward and Forward tests, and combined score (Supplementary Table 12 and
Supplementary Fig. 12). All statistical analyses were conducted using Stata (ver-
sion 11, Stata Corp, College Station, Texas, USA). The criterion for statistical
significance was set at 0.05. Bonferroni correction for multiple testing was
applied, as presented in Supplementary Table 12.
Htr2b knockout mice. Htr2b2/2 knockout mice (50% males and 50% females)
were made in a pure 129Sv/PAS background. Wild-type 129/SvPAS mice (8–10
weeks old), bred in-house, were used as controls.
Novelty seeking and impulsive behaviour in Htr2b2/2 knockout mice were
investigated using five experimental measures: novelty-induced locomotion;
locomotor reactivity in response to a dopamine D1 receptor agonist; exposure
to a novel object; delay discounting; and novelty-suppressed feeding. Plasma
testosterone levels were measured.
37. Linnoila, M. et al. Low cerebrospinal fluid 5-hydroxyindoleacetic acid
concentration differentiates impulsive from nonimpulsive violent behavior. Life
Sci. 33, 2609–2614 (1983).
38. Brown, G. L. et al. Aggression in humans correlates with cerebrospinal fluid amine
metabolites. Psychol. Res. 1, 131–139 (1979).
39. Hodgkinson, C. A. et al. Addictions biology: haplotype-based analysis for 130
candidate genes on a single array. Alcohol Alcohol. 43, 505–515 (2008).
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SUPPLEMENTARY METHODS 
 
Gene Selection 
Dopamine and serotonin releasing neurons are prominent in brain regions that regulate 
impulse control, and dysregulated activity of the monoamine neurotransmitters has been 
demonstrated to be involved in impulsivity in neuropharmacological, gene knock-out, 
and genetic association studies. We performed exon-centric sequencing for fourteen 
genes involved in dopamine or serotonin function. 
Dopamine System. Dopamine regulates cognitive function, attention and responses to 
reward, all of which are factors in impulsivity. We sequenced genes involved in pre-
synaptic, post-synaptic and down-stream (signaling) actions of dopamine (DRD1, DRD2, 
SLC6A3 and PPP1R1B). There is empirical evidence that variation within these specific 
genes could influence brain function and moderate risk for impulsive behavior. 
Decreased levels of D2 receptor in the nucleus accumbens predicts spontaneous 
impulsivity in rats
13
. The D1 and D2 dopamine receptors modulate DARPP-32 
(PPP1R1B), a phosphoprotein which plays a role in regulating responses to drugs of 
abuse and whose cortical and striatal activity are involved in motivation, attention and 
reward-related learning
40
.  SLC6A3 variation appears to moderate risk for ADHD, which 
is characterized by both hyperactivity and impulsivity
11
Serotonin System. The serotonin system has long been implicated in impulsivity and, in 
particular, impulsive aggression and suicide. We sequenced genes involved in synthesis 
.   
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and metabolism of serotonin (TPH2 and MAOA) and in pre- and post-synaptic signaling 
(5-HT receptors HTR1A, HTR1B, HTR2A, HTR2B, HTR2C, HTR3A, HTR3B, SLC6A4). 
The selection of candidates was based on empirical evidence of involvement of these 
genes (or gene products) in the expression of impulsivity and aggression. Tryptophan 
hydroxylase 2 (TPH2) encodes the enzyme which catalyzes the rate-limiting step for 
brain serotonin biosynthesis, and a TPH2 haplotype may predict decreased cerebrospinal 
fluid levels of the serotonin metabolite 5-hydroxyindoleacetic acid and suicide attempt
41
. 
MAOA knockout mice have higher levels of monoamines and increased aggressive 
behavior
17
, and a functional variable number tandem repeat in the MAOA regulatory 
region (MAOA-LPR) appears to moderate the effect of maltreatment on vulnerability to 
develop antisocial behavior
8,18
. Others have shown that a stop codon variant that 
produces complete deficiency of MAOA activity co-segregates with severe impulsivity
6
Individual differences in serotonin 1A receptor binding have been associated with life-
time aggression
42
, and genetic and gene-knockout studies performed in mice implicated 
the HTR1B gene in both alcohol preference and aggression
43
. In one association study in 
humans, a non-synonymous mutation (Gly861Cys) in the HTR1B gene was linked to 
antisocial alcoholism in two independent populations, including the Finnish violent 
offenders cohort
44
. Many pharmacological studies with serotonin 2A, 2B and 2C 
antagonists and agonists have implicated these receptors in impulsive behavior
45
. Two 
subunits of serotonin type 3 receptors, 3A and 3B, have so far been identified; in one 
study variation within the HTR3B gene was associated with AUD comorbid with 
ASPD
46
. Stress-modified associations have been reported also for a polymorphism in the 
serotonin transporter (HTTLPR) to suicidality
19,20
. In terms of the relationship of these 
. 
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serotonin and dopamine related genes to function, it is important to recognize that most 
of the genetic association results are preliminary, have in several cases been contradicted, 
and are in need of replication and further exploration at the functional level. The primary 
impetus to resequence genes involved in dopamine and serotonin neurotransmission in 
impulsive individuals was evidence from functional neurobiological investigations, 
including behavioral pharmacology, neurochemistry, and gene knockouts. 
 
Resequencing 
 
Exon-centric targeting of 14 candidate genes: We custom-designed or used Applied 
Biosystem oligonucleotide primers to amplify 108 target regions that covered exons, 
flanking regions and ~ 800-1000 bp of the upstream regions of 14 genes, for a total of 82 
kb (Supplementary Table 2).  
 
DNA pools: DNA samples were individually quantified in three replicates by RT-PCR, 
using TaqMan RNase P Detection Reagent kits (FAM) and Roche human DNA 
standards, and were normalized to 10 ng/µL. Eight pools (12 subjects per pool) were 
made with equal amounts of DNA from 96 Finnish cases and in parallel fashion eight 
pools were made from 96 Finnish controls.  
 
DNA Amplification: DNA pools were amplified in 108 separate PCR reactions. Five 
micrograms of pooled DNA was amplified in a 50 uL reaction volume containing 5 ul 
PCR buffer, 1 ul of a 10mM dNTP mixture, 2 ul of 50 mM MgSO4, 6 uL primer mix 
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(containing 5 mM forward primer and 5 mM reverse primer), 0.2 ul Platinum Taq High 
Fidelity polymerase (Invitrogen), and 30.8 ul distilled water. Polymerase chain reactions 
were performed at 94°C for 1 min, followed by 35 cycles each at 94°C for 20 sec. 
Annealing temperatures ranged from 54° to 68° for 20 sec, 68°C for 90 sec, and a final 
extension step of 72°C for 10 min. Amplifications were verified by presence of a DNA 
fragment band of the expected size on 1% agarose gels with 5 !l of each amplification 
product.  
 
DNA Sequencing: Prior to sequencing, amplicon concentrations were normalized using 
SequalPrep Normalization Plate kits (Invitrogen). All amplicons from the same DNA 
pool were combined. The DNA was sheared by sonication and purified with QIAquick 
PCR purification kits (QIAGEN). Genomic DNA Preparation kits and protocol (Illumina) 
were used to prepare sequencing libraries. Adapters were added to the ends of DNA 
fragments and fragments ranging in size from 200 to 300 bp were isolated by gel 
purification, followed by solid phase amplification and analysis on the Illumina Cluster 
"#$#%&'($')(*+'&,+(-'$./0+12(-3()+#+1,%'+)(4/(3+56+'7%'8(&9($(:2;(<4(=>?@A(8+'&,+(
24 at 20,000-fold coverage, sequencing detection of sequence variants was reproducible 
and the error rate was < 1% (Supplementary Fig. 5 and 6). Each subject was therefore re-
sequenced at 80-fold coverage (1000-fold for each pool of 12 individuals), a level 
sufficient to overcome unevenness of target capture and to reliably detect a single 
heterozygote within the pools of 12. Exon nucleotide coverage was 95%.  Exon 
nucleotide coverage was 95%. 
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Analysis of sequence data: Sequences were called from image files with the Illumina 
Genome Analyzer Pipeline and aligned to human reference sequence from NCBI build 
36.3 using the Illumina Eland software. The output from the Illumina Genome Analyzer 
was 36 base-length sequence reads. Each read was uniquely mapped to the human 
reference genome. Sequence reads with more than 2 mismatches were excluded. 
Sequence reads with alternative alleles that did not exactly match the reference genome 
did uniquely map to the corresponding location in the reference sequence. Additional 
results are described in supplementary data. 
 
HTR2B cDNA Sequencing for nonsense-mediated decay 
 
To detect nonsense-mediated RNA decay we sequenced cDNA from HTR2B Q20/Q20 
homozygotes and Q20/*20 heterozygotes, measuring the ratio of the Q20 and *20 alleles 
within heterozygous cDNAs (Fig. 2).  
 
Total RNA was extracted from lymphoblastoid cell lines derived from blood samples of 
12 Finnish non stop codon carriers and 14 Finnish stop codon carriers using the TRIzol 
LS reagent protocol (Invitrogen). cDNA was synthesized by reverse transcription of 2 ug 
of total RNA with Multiscribe reverse transcriptase (High-Capacity cDNA Reverse 
Transcription kits protocol, Invitrogen) according to standard protocols.  
The sequences of the upstream and downstream oligonucleotides were as follows: 5’-
gagtgtttggcatggttaca-3’ and 3’-accaggcaggacatagaaca-5’. PCR amplification were 
performed with 0.2 ul Platinum Taq DNA polymerase high fidelity (Invitrogen), 5ul of 
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10X high fidelity PCR buffer, 1 ul of a 10mM dNTP mixture, 2 ul of 50 mM MgSO4, 2 ul 
primer mix (10 uM each), 34.8 ul sterile water, 5 ul cDNA. Polymerase chain reactions 
were performed at 94°C for 1 min, followed by 40 cycles each at 94°C for 20 sec, 60°C 
for 30 sec, 68°C for 30 sec, and a final extension step of 72°C for 10 min. Sanger 
sequencing was performed using the BigDye Terminator Sequencing Mix (Applied 
Biosystems) and analyzed on the Applied Biosystems 3730 DNA Analyzer.  
 
Quantification of the HTR2B transcript was carried out by comparing the intensity peaks 
of the Q20 and *20 alleles within cDNA derived from each heterozygous individual, with 
homozygous individuals serving as control to verify the low *20 background signal. The 
cDNA sequencing revealed different levels of nonsense mediated decay (NMD) ranging 
from none to nearly complete (Fig. 2). NMD is a complex mechanism that ensures the 
accuracy of gene expression by rapid degradation of mRNAs containing premature 
translation termination codons, and regulates the expression of alternative splice 
products. However, it has become clear during recent years that many physiological 
mRNAs are also NMD substrates, indicating a role for NMD beyond mRNA quality 
control. Also, several features of physiological mRNAs can render them NMD sensitive, 
whereas some mRNAs have evolved stabilizing elements that protect them from NMD
47
. 
 
The detection of various levels of un-degraded RNA in the lymphoblastoid cells of 
heterozygote carriers may indicate different degrees of efficiency of NMD, as has 
recently emerged
48,49
. 
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Western Blots 
 
To measure the effect of the HTR2B stop codon on expression of the receptor, we used 
western blotting with three antibodies directed against different regions of the receptor.  
HT2B protein was measured in 12 Finnish Q20/Q20 homozygotes and 14 Finnish 
Q20/*20 heterozygotes. Total protein was extracted from lymphoblastoid cell lines using 
the TRIzol LS reagent protocol (Invitrogen). Western blots were prepared using 50 ug of 
protein per lane on a 10% Bis-Tris gel (Invitrogen). Separated proteins were transferred 
to nitrocellulose using the iBlot transfer system (NuPage - Invitrogen). Blots were stained 
with Amido Black to check protein loading and transfer prior to blocking in Tris buffered 
saline containing 0.1% Tween 20 (TBST) and 5% milk. Blots were probed with antisera 
raised against either the N-terminal (mouse monoclonal Ab, Novus Biologicals), internal 
(goat polyclonal Ab, Santa Cruz Biotechnology) or C-terminal (rabbit polyclonal Ab, 
Santa Cruz Bioechnology) regions of the 5-HT2B protein, and GAPDH Ab (Millipore). 
Antibody binding was visualized on X-ray film (Kodak XAR) using chemiluminescence 
(ECL Plus, GE Healthcare). Western blot X-ray films were scanned and densitometry 
performed using NIH ImageJ. Ratios between the 5-HT2B receptor and the housekeeping 
protein GAPDH were calculated to normalize 5-HT2B protein quantity. Comparing 26 
cell lines of the two genotypes, the mean Q20/Q20 to Q20/*20 5-HT2B protein ratio was 
1.93, pval = 0.03, demonstrating that the Q20* stop codon blocks the expression of the 5-
HT2B receptor (Fig. 2). No truncated 5-HT2B protein was detected that was capable of 
cross-reacting with antibodies raised against either the 5-HT2B C-terminus or the N-
terminus (Supplementary Fig. 10). 
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HTR2B Q20* FOLLOW-UP IN FINNISH DATASETS 
 
To confirm the allele frequency of the HTR2B *20 variant in the Finnish population 
(Supplementary Table 9) and test for phenotype/genotype associations we genotyped two 
family-based Finnish cohorts and three Finnish twin cohorts collected in Finland as a 
national resource for genetic epidemiological studies. We genotyped the samples for 
which DNA was available with no genotype or phenotype-based ascertainment bias. The 
genotyping for HTR2B Q20* was performed as previously described. 
 
Bipolar disorder and schizophrenia nuclear families 
 
Nuclear families with at least one member affected with schizophrenia or bipolar disorder 
were collected in Finland through the National Hospital Discharge Register. All 
individuals born between 1940 and 1976 who were hospitalized due to an ICD-8 or 
DSM-III-R diagnosis of bipolar disorder or schizophrenia, schizophreniform disorder, or 
schizoaffective disorder between 1969 and 1991 
50,51
 were identified. Available medical 
records of the family (siblings and parents) were collected. Probands were contacted 
through their treating psychiatrist and, if the proband gave permission, other family 
members were contacted for detailed investigation. The Ministry of Social Affairs and 
Health and the Ethics Committee of the National Public Health Institute (since January 1, 
2009 the National Institute for Health and Welfare) approved the study. All participants 
to the study signed a written informed consent.  
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Altogether 32 of these individuals were heterozygous HTR2B *20 carriers. Of these, 7 
nested within 5 bipolar families and 25 within 13 schizophrenia families, with a 
frequency of 0.0087 in unrelated individuals. No *20/*20 homozygotes were detected. 
 
1885 individuals were genotyped. Clinical information on the presence of psychosis was 
available. Diagnosed psychosis was numerically, but not statistically, more prevalent in 
the *20 carriers (Supplementary Table 10). Early-onset schizophrenia was observed 
among the HTR2B *20 carriers (mean 20.9; median 19 years) compared to Q20/Q20 
individuals (mean 24.5; median 22 years), p = 0.035 (Student's two-tailed unequal 
variance T-test). 
 
The Older Finnish Twin Cohort 
 
This dataset consists of Finnish monozygotic and dizygotic twin pairs born before 1958
52
. 
The collection of this dataset started in 1975 with follow-up questionnaires in 1981, 1990 
and 2000. The subjects of this study were recruited through the Finnish Twin Cohort, 
compiled from the Central Population Registry of Finland which is a databank of 
personal information on all Finnish citizens from 1967 onward. In 1975 and 1981 the 
twins received structured questionnaires assessing their demographic, social, 
environmental, medical and lifestyle characteristics. Drinking and smoking habits were 
assessed. In 1999 the twin pairs both alive and age 65 years and over were interviewed 
with the TELE instrument to assess their cognitive status
53
. 
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In this present study a total of 2388 twins of known zygosity were successfully genotyped 
for HTR2B Q20* (Supplementary Table 11). We analyzed the outcome of items 
describing externalizing behavior belonging to the Bortner scale
54
 and from the 1981 
Questionnaire
55
. No difference was detected between 26 HTR2B *20 carriers and 1867 
non carriers (data not shown) for whom the questionnaire was available. 
 
FinnTwin 16 cohort (FT16) 
 
The FinnTwin 16 study (FT16) is a longitudinal study of twins born between 1975 and 
1979. The dataset comprises twin pairs chosen for their extreme discordance or 
concordance in self-reports on the Rutgers Alcohol Problem Index (RAPI) at age 18.5. In 
2001-2003 the twins received an extensive clinical assessment through blood testing, 
neuropsychological testing, and structured psychiatric interviews (DSM-IIIR)
56,57
. 
Zygosity was determined for all same-sex twin pairs using multiple genetic markers 
assayed at the laboratories of the National Public Health Institute in Helsinki.  
 
FinnTwin 12 cohort (FT12) 
 
This study was started in 1994 in 11-12 year old twins to examine genetic and 
environmental precursors of health related behaviors, with a particular focus on use and 
abuse of alcohol. Twins were assessed at age 14 and 17.5 years. In 2006 a fourth wave of 
data collection was initiated on young adults. Information on lifestyle, substance use and 
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abuse, psychological and physical health, psychiatric conditions, personality, cognitive 
functions, and work life were collected
56,57
. 
 
A total of 701 FT16 individuals and 710 FT12 individuals were successfully genotyped 
for HTR2B Q20*, for a total of 1110.5 (FT12+FT16) genetically independent twins 
(Supplementary Table 11). 
 
In the FT16 sample 511 Finnish genotyped individuals had neuropsychological test 
results (252 males and 259 females), while neuropsychological tests results were 
available for 172 male and 250 female genotyped individuals in the FT12 study. 
 
Neuropsychological assessment  
 
Neuropsychological assessment was conducted on both the combined FT16 and FT12 
cohorts for measures of verbal intellectual ability, working memory and executive 
function: 
 
! Verbal intellectual ability was assessed with the Vocabulary subtest (WAIS-R). 
 
! Working memory was assessed with the Digit Span Forward and Backward 
subtests of the Wechsler Memory Scale-Revised (WMS-R) and the Letter-Number 
Sequencing subtest of WAIS-III. 
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! Executive function was studied with the Trail Making Test (TMT) and the 
California Stroop Test.  
 
Results 
 
Working memory was assessed with the Digit Span Forward and Backward subtests of 
the Wechsler Memory Scale-Revised (WMS-R). We analyzed the combined FT16 and 
FT12 datasets (Supplementary Table 12) for the WMS-R Digit Span Forward, Backward 
and Total tests, verbal intellectual ability and executive function tests available for both 
FT16 and FT12 datasets. 
 
A linear regression model was constructed using performance on the working memory 
test as the dependent variable and sex and genotype as independent variables. Sex was a 
significant predictor, so the sample was stratified into male and female. Male 
heterozygotes performed significantly worse on the Digit Span backward and forward 
tests, and combined score (Supplementary Table 12 and Supplementary Fig. 12). 
Cognition in heterozygous males is overall normal, however these results may indicate a 
specific frontal lobe dysfunction modulated by sex. 
 
No associations with performance on the other neuropsychological tests listed above 
were identified. All statistical analyses were conducted using Stata (version 11, Stata 
Corp, College Station, Texas, USA). Criterion for statistical significance was set at 0.05. 
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Bonferroni correction for multiple testing was applied, as presented in Supplementary 
Table 12. 
 
A case report of homozygosity for the HTR2B stop codon 
 
One homozygous HTR2B Q20* male belonging to the FT16 cohort was identified in a 
total of 6554 Finns that have been genotyped. He completed questionnaires at ages 16, 
17, 18 and was interviewed in person at age 26. This young adult fulfilled criteria for 
DSM-III alcohol dependence and had two positive criteria for Antisocial Personality 
Disorder (Semi-Structured Assessment for the Genetics of Alcoholism - SSAGA 
interview). He was born at 38 wks gestational age, with a birth weight of 1960 g. 
Development was reported as normal by the mother. He was cognitively normal (with 
normal performance on the digit span test), successfully completed high school and 
military service (which is compulsory for male Finnish citizens), and was gainfully 
employed. At age 25, he was unmarried but in a stable relationship with no children. He 
had no major congenital defects or history of major medical illnesses. However, as an 
adolescent he had a history of weekly drinking with alcohol-related problems which 
brought him to the attention of the police and social services. At age 16 he endorsed five 
of nine items related to problems related to alcohol including a tendency to get into fights 
while under the influence of alcohol (the questionnaire was developed at the University 
of Helsinki, www.twinstudy.helsinki.fi).  His biological mother and father and his 
fraternal twin brother were both heterozygous for the stop codon. On the basis of 
questionnaires returned by each parent, neither had pathological behavior, alcohol-related 
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or otherwise. However, only the brother was directly interviewed and he fulfilled criteria 
for DSM-III alcohol dependence. Thus, clinical information on this kindred is limited.  
 
QUANTITATIVE PCR FOR HTR2B IN HUMAN BRAIN 
 
We evaluated HTR2B expression in thirteen human brain regions. Total RNA was 
available for frontal lobe, temporal lobe, parietal lobe, occipital lobe, olfactory region, 
cerebellum, diencephalon, hippocampus, thalamus, pituitary gland, pons, medulla 
oblongata (Biochain) and nucleus accumbens (Clontech). First-strand cDNA was 
synthesized by reverse transcription of 2 ug of total RNA with Multiscribe reverse 
transcriptase (High-Capacity cDNA Reverse Transcription protocol, Invitrogen). ABI 
Taqman gene expression assays directed against the 2-3 and 3-4 exon boundaries of the 
HTR2B gene were used according to protocol (ABI Taqman gene expression assays 
B3C???;@DD( $')(B3CC?D;EDFG2(H-actin expression was used as an internal control (B-
Actin Taqman gene expression assay, ABI).  
 
HTR2B expression was detected in all analyzed human brain regions via both qPCR 
assays. Expression was highest in cerebellum, occipital lobe and frontal lobe and overall 
the levels of expression determined by the two assays correlated with an r =  0.98 
(Supplementary Fig. 13).  
 
HTR2B KNOCKOUT MICE 
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Htr2b
-/- 
knockout mice (50% males and 50% females) were made in a pure 129Sv/PAS 
background. Wild type (WT) 129/SvPAS mice (8-10 week old), bred in-house, were used 
as a control group. 
 
Impulsive behavior in Htr2b
-/- 
knockout mice was investigated using five experimental 
measures: novelty-induced locomotion, locomotor reactivity in response to a dopamine 
D1 receptor agonist, exposure to a novel object, delay discounting and novelty-
suppressed feeding. 
 
a. Locomotor activity in a novel environment. In order to study their reaction to a 
novel environment, we compared spontaneous locomotor activity of Htr2b
-/- 
and WT 
mice.  
Locomotor activity was measured in a circular corridor with
 
four infrared beams placed at 
every 90° corner (Imetronic, France). Counts were incremented
 
as consecutive 
interruptions of two adjacent beams (i.e., mice
 
moving through one-quarter of the 
corridor).  
 
Analysis of locomotor pattern revealed initially elevated activity levels in Htr2b
-/-
 mice (n 
= 20) compared to controls (n = 20). However, when locomotion was followed over 24 
hrs it was observed that Htr2b
-/-
 exhibited hyperlocomotion only at the beginning of the 
day session (0-2h) and the beginning of the night session (4-6h) (Fig. 3, a). After 
habituation, mice of both genotypes had similar locomotor activity. These data suggest 
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that Htr2b
-/-
 mice display an increased locomotor response to environmental novelty, a 
finding classically associated with impulsivity.  
 
b. Locomotor activity following a D1 agonist. Genetic association studies have 
implicated several genes involved in dopaminergic neurotransmission in disorders 
marked by impulsivity, such as ADHD, including the dopamine D1 receptor
58
. Local 
infusions of D1 receptor agonists results in increased impulsive choice
59,60
. Mice were 
placed individually in activity boxes for 30 min for 3 days consecutively to habituate 
them after which D1 agonist-stimulated locomotion was measured. 
 
Compared to wild type mice (n = 8), a single injection of dopamine D1 receptor agonist 
SKF 81297 induced greater locomotor activation in Htr2b
-/-
 mice (n = 8) (Fig. 3, b), 
indicating either more reactive dopaminergic neurotransmission or reduced suppression 
of locomotion.  
 
c. Exposure to novel object. A novel object (a plastic blue cap from a 15 ml Falcon 
tube) was introduced in the same corner of the home cage of each mouse. The object was 
placed in the cage after the animal was momentarily removed. The subject was then 
returned to the cage by gently setting it down on the opposite corner with respect to the 
location of the novel object. Data recording started immediately and measured physical 
and non-physical (sniffing) interactions of the animal with the object for 10 minutes. The 
latency to approach (measured as first sniffing) and number of contacts, were analyzed by 
a researcher blind to the genotype. The latency in approaching the novel object was 
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unmodified but the number of contacts was significantly increased for Htr2b
-/- 
(n = 8) 
mice compared to wild type (n = 8) (Fig. 3, c). 
 
d. Delay-discounting task. The task measures the reduction of a reward’s subjective 
value as a function of delay. Computer-controlled operant chambers (Imetronic, Pessac, 
France) were used as experimental apparatus. The chambers, constructed in plexiglas and 
with a grid floor, were provided with a chamber light, two nose-poking holes, two hole 
lights, one feeder device and one food magazine. Nose poking into the hole was detected 
by infra-red photocell and was recorded by a computer which also controlled the food 
delivery. Each mouse was tested in the same chamber. The grids of the operant chamber 
were cleaned after each animal was tested.  
All animals were habituated to the reinforcer (pellet of sucrose 20 mg, Bioserv, Thiais, 
France) outside the chamber for three days. The following three days, animals were 
familiarized with the operant chamber for 25 min, and habituated to the food magazine 
with the pellet freely dropping every 60 sec. For the following 10 days mice were daily 
trained for 25 min to respond with a nose poke to a visual stimulus. Before each training 
session, mice were food-deprived for 8 - 10 hours. At the beginning of each session, the 
chamber light was switched-on for 3 sec before the hole lights were switched-on. Nose-
poking in one of the two holes (termed small and soon – SS - hole) resulted in the 
delivery of 1 pellet of reinforcer, whereas nose-poking in the other hole (termed large and 
late – LL - hole) resulted in the delivery of 5 pellets of sucrose. When a nose-poke 
occurred the corresponding light remained switched on for 1 sec. At the end of the 10 
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days of training, mice (both wild type and Htr2b
-/-
) were tested to ensure, in the absence 
of delay, their preference for the LL reinforcer (see delay 0 sec, Fig. 3, d).  
During the testing phase (7 days), a delay was inserted between nose-poking in the LL 
hole and the delivery of the five-pellet reward. The chamber light was switched-on during 
the full length of this delay. Any additional nose poking during this interval was not 
reinforced. The delay was kept fixed for each of the two daily sessions and progressively 
increased across subsequent days (0, 2, 4, 6, 8, 10, 12 and 14 sec).  
As delays became longer the preference for the large reward appeared to decrease more 
rapidly for Htr2b
-/- 
mice (n = 6) (4 sec delay) than for wild type mice (n = 6) (10 sec 
delay) (Fig. 3, d).  
 
e. Novelty suppressed feeding. This paradigm is a conflict test that measures a 
consequence of competing motivations: the drive to eat versus fear of venturing into the 
center of brightly lit arena where the food is located. The testing apparatus consisted of a 
plastic box, 37 cm x 57 cm x 10 cm, directly illuminated by white light. The floor was 
covered with 2 cm sawdust. Eighteen hours before the test, food was removed from the 
cages. At the time of testing, a single pellet of regular food was placed at the center of the 
box. The animal was placed in a corner of the box, and a stopwatch was immediately 
started. The latency to start eating (defined as the mouse sitting on its haunches and biting 
the pellet with use of forepaws) was recorded within a 5 min period
61
. Compared to wild 
type mice (n = 4), the time spent before eating food was significantly reduced in Htr2b
-/-
 
mice (n = 4), also indicating that they were more impulsive (Fig 3, e). 
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f. Testosterone plasma levels. Male Htr2b
-/-
 mice (n = 12) had three-fold higher basal 
levels of testosterone compared to control mice (n = 12) (Fig 3, f). These data are echoed 
by higher testosterone CSF levels observed in human male Htr2b *20 carriers. These may 
indicate an interaction between the 5-HT2B receptor and regulation of testosterone. The 
mechanism is unknown, but the consequences are potentially important in impulsivity. 
 
Behavioral assays were analyzed by unpaired t test and Fisher test (b, c, e, f), by one-way 
analysis of variance (ANOVA) (a) and by repeated measures two-way ANOVAs 
(genotype × delay, F(5,50) = 2.14, p = 0.076; delay, F(5,50) = 2.64, p < 0.05; genotype, 
F(1,10) = 10.07, p < 0.01) (d). Bonferroni correction was used for post hoc comparisons. 
P<0.05 was predetermined as the threshold for statistical significance. 
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SUPPLEMENTARY DATA 
 
Distribution of HTR2B *20 in Finland 
 
The Finnish population was founded by two waves of migration: Eastern Uralic founders 
arrived 4000 years ago, followed by Indo-European speakers 2000 years later
23
. 
Population losses and bottlenecks left an imprint of restricted Y-chromosome diversity, 
providing evidence of the dual origins of Finns
62
. The Finnish population is equally 
diverse at autosomal loci as other European populations but isolation and genetic drift 
have molded the gene pool of Finns, which have been extensively analyzed as a 
population isolate
63
. Within Finland are important sub-isolates. Information on 78 twins 
heterozygous for *20, and belonging to twin cohorts described in supplementary 
information, revealed that *20 is distributed throughout Finland. *20 carriers originated 
from all three regions of Finland
64
: Eastern (2.7%), Western (3.1%) and Middle (5.7%) 
with an excess in Middle Finland (Pearson chisquare = 8.89, p = 0.012) (Supplementary 
Fig. 3). 
 
Resequencing 
 
SNP calling: 360 variants passed Genome Analyzer pipeline quality control and the 
criteria established to identify SNPs (Supplementary Table 3). No base pair in a read had 
a quality score < 10; a locus, to be identified as a SNP, had to have a quality score >=20. 
Quality scores were estimated by ELAND using a modified Phred formula, which 
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calculates four quality scores and selects the most probable base. At least 20 read counts 
for the alternative allele at a specific locus with minimum alternative allelic frequency of 
0.5% were necessary to call a SNP. In the pooled samples it was impossible to 
distinguish rare insertion/deletion polymorphisms from sequencing errors and here we 
have analyzed nucleotide substitutions only. 
 
Transitions constituted 60% of the 360 detected SNPs, in accord with previous data
65
. In 
contrast, for sequence errors, the transition/transversion ratio would be expected to be 
1:2. Non-coding SNPs were found every 144 bases, and coding SNPs every 783 bases. 
Within coding sequence, nonsynonymous and synonymous SNPs were found in a ratio of 
approximately 1:1, as previously reported
66
. A non-synonymous SNP (nsSNP) was found 
every 1673 bases and a synonymous SNP every 1472 bases (Supplementary Table 3).  
 
In this study we identified 96% of the abundant (0.05 allele frequency or higher) SNPs 
recorded in HapMap as residing in the target regions of the 14 genes. Within the 82 kb 
target region, 172 SNPs are recorded in dbSNP (HapMap) for the CEU population (about 
60 unrelated individuals of European origin).  95/172 (56%) of these SNPs were 
identified. However, the HapMap SNPs that we did not observe were all either 
monomorphic or low in frequency (<0.04). 73 of 77 HapMap SNPs that we did not 
identify are recorded in that database as either monomorphic or having an allele 
frequency <0.05. The pooling design allowed the identification of alleles present in only 
one copy in the pool, and reasonably accurate estimation of allele frequency by 
sequencing representation. Major allele frequencies from the HapMap CEU genotyping 
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and re-sequencing correlated with an r
2 
= 0.88 (Supplementary Fig. 7). We detected 188 
SNPs that were not present in dbSNP and as shown by the individual genotyping of 34 
loci (22/26 nsSNPs, 1/1 sSNP and 7/7 intronic SNPs validated), the majority are valid.  
 
Genotyping  
 
The 34 individually genotyped SNPs, including 22 validated nsSNPs (Supplementary 
Table 4), were genotyped by TaqMan (5’ exonuclease) assays predesigned and custom-
designed (Applied Biosystems). Primer sequences are available on request. We 
genotyped 228 Finnish cases and 295 Finnish controls described elsewhere (Finnish 
sample). Minor allele frequencies estimated by Illumina Genome Analyzer and allele 
frequencies from genotyping correlated with an r = 0.94, demonstrating the accuracy of 
allele frequency estimation from the sequencing of pooled samples (Supplementary Fig. 
8). Genotypes of controls and parents did not deviate from Hardy-Weinberg equilibrium 
(P > 0.05).  
 
The genotyping was performed utilizing ABI 7900 Taqman platform (Applied 
Biosystems). 
  
Cerebrospinal fluid (CSF) monoamine metabolite measurements 
 
CSF monoamine metabolites were measured in 225 Finnish individuals (112 controls and 
113 cases). Lumbar CSF was obtained while they were on the research ward and after 
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they had been there a minimum of three weeks. They were free of medications, including 
selective serotonin reuptake inhibitors, alcohol-free and had been maintained on a low 
monoamine diet. CSF was obtained by lumbar puncture between 8 and 9 a.m. after 
overnight rest with only water permitted after 8 p.m. Concentrations of 5-HIAA, HVA 
and MHPG were measured in the first 12 ml of CSF collected, by liquid chromatography 
and electrochemical detection
67
. 
CSF monoamine metabolite levels (5-HIAA, MHPG and HVA) were determined for 9 of 
the *20 cases and 112 controls. *20 cases did not differ significantly from controls. For 
5-HIAA, cases had mean = 55.4 pg/ml, SD ± 24.4 and controls 66.9 pg/ml, SD ± 24.5. 
For, HVA, cases had mean = 139.5 pg/ml, SD ± 46.6 and controls 176.4 pg/ml, SD ± 
70.2). For MHPG, cases had mean = 35.9 pg/ml, SD ± 6.7 and controls 41.1 pg/ml, SD ± 
10.3. 
 
CSF testosterone measurement 
 
CSF testosterone was measured in 41 controls and 91 cases. Due to the skewness of these 
data (<0.96) a log transformation was applied. CSF testosterone levels were significantly 
higher in the nine *20 cases as compared to controls (t-ratio = 2.32, p-val = 0.024), 
indicating the potential for a gene x endocrine interaction. CSF testosterone 
measurements were not available for *20 controls. This raises the possibility that an 
interaction between *20 and testosterone contributes to the severe impulsive behaviors 
seen in male criminal offenders (Supplementary Fig. 11).  
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Average alcohol consumption 
 
Average annual alcohol consumption ranged from 0-163 kg/yr (median = 4.6; mean = 
15.2; s.e. = 1.07) in subjects without *20 and from 2.8-57.1 kg/yr in subjects with *20 
(median = 16.7; mean = 21.2; s.e. = 3.4). Among cases without *20, alcohol consumption 
ranged from 0.3-163 kg/yr (median = 28.9; mean = 34.8; s.e.  = 2.1), and between 4 and 
57 kg/yr in cases with *20 cases (median = 29.7; mean = 26.9; s.e.  = 3.7). None of these 
differences were significant. 
 
Brown Goodwin Lifetime Aggression Scale (BGLAS) 
 
In the case/control dataset the subjects carrying *20 had higher mean BGLAS scores 
(I2=5.66, pval = 0.017 nonparametric Wilcoxon test). We analyzed the BGLAS scores 
for cases without the *20 stop codon are compared to BGLAS scores for 13 cases who 
were heterozygous for *20 and for whom these data were available. No statistical 
significance was detected but the aggression scores of *20 carriers are located at the high 
end, even among cases. 
 
Tridimensional Personality Questionnaire (TPQ) 
 
The Tridimensional Personality Questionnaire was available for 424 subjects, including 
11 *20 carriers. Comparing cases to controls, differences were observed in three 
dimensions of personality. Cases had a combination of high novelty seeking (NS) (t ratio 
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= 6.8, p = 0.0001), high harm avoidance (HA) (t-ratio = 8.8, p =0.0001) and low reward 
dependence (RD) (t ratio=-2.6, p=0.009), consistent with previous analyses in this 
sample
68
. As compared to controls, *20 cases had high NS (t-ratio = 2.8, p = 0.005), high 
HA (t-ratio = 1.8, p = 0.06) but were not different in RD (t-ratio = -0.18, p = 0.85).  
 
All analyses were conducted using JMP software v7.0 (SAS Institute, Cary, NC). 
Criterion for statistical significance was set at 0.05. 
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SUPPLEMENTARY FIGURES 
 
 
 
 
 
 
Supplementary Figure 1. Flow chart illustrating the six components of this study: 
resequencing and a global test of association of putatively functional variants in severe 
probands from a founder population, association and linkage of an HTR2B stop codon, 
population genetics in Finnish datasets and the Human Genome Diversity Panel (HGDP), 
cognitive effects, gene expression and functionality, and studies of the HTR2B
-/-
 mouse. 
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Supplementary Figure 2. Finnish ancestry of *20 carriers and noncarriers. 
In ancestry, Q20* carriers (blue dots) more closely resemble Finns than individuals from 
other European populations. Ancestry was measured using 177 ancestry informative 
markers in 29 Q20* carriers, 580 other Finns, and 200 individuals representing 10 
European populations in HGDP. Principal component analysis was performed with 
EIGENSTRAT.  
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Supplementary Figure 3. Geographic distribution of HTR2B *20 in Finland. 
 
The origins of 54 HTR2B *20 twins belonging to the Old Finnish Cohort and 24 *20 
carriers belonging to the FT12 and FT16 Twin cohorts are depicted. 
a) Finland is divided into three historical provinces: East, West and Middle (adapted from 
64
). For individuals born 1926-1936, province of origin was defined by birthplace, and for 
individuals born 1975-1979 parental province of origin was used, including only 
individuals both of whose parents came from the same region. The latter definition was 
chosen for younger individuals since it filters out the effects of internal migrations from 
the late 1950s to 1970s. b) Overall, an excess of *20 carriers appeared to come from 
middle Finland JK+$13&'(IF(L(;2;MN(O(L(C2C?FGN(46#(PFC(Q$3(Q%)+./()%3#1%46#+)(%'(R%'.$')2 
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Supplementary Figure 4.  Comparison of ancestry of Finnish cases and controls.  
No difference was detected between cases (ASPD, BPD and IED) and controls in 
proportions of ancestries. The figure compares the pattern of measured ancestry for seven 
ancestry factors derived separately for each control (N = 279) and case (N = 220) with 
reference to the Human Genome Diversity Panel (HGDP) (1051 DNAs representing 51 
populations worldwide). 
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Supplementary Figure 5. Reproducible detection of sequence variants using a test 
genome ("X174). 
 
#X174 was resequenced using an Illumina Genome Analyzer at 10,000 X (bottom) or 
20,000 X coverage. The 25 bp reads were mapped back to the canonical #X174 sequence 
(5.8 Kb) using Eland. Error rate was < 1%.  
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Supplementary Figure 6. Error rate by sequencing cycle for a test genome ("X174). 
The 5.8 Kb #X174 genome was sequenced at an average coverage of 20,000-fold using a 
Solexa Genome Analyzer (Illumina). 
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Supplementary Figure 7. Allele counts from pooled sequencing predict HapMap 
allele frequencies. For 95 loci, allele frequencies estimated by allele representation from  
resequencing 192 Finnish cases and controls in pools of 12 individuals predicted CEU 
HapMap allele frequencies in 60 unrelated individuals (r = 0.96).  
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Supplementary Figure 8. Genotyping validates allele frequencies determined by 
pooled sequencing. For 22 nsSNPs, allele frequencies determined by allele counts from 
resequencing 192 Finnish cases and controls in pools of 12 individuals predicted allele 
frequencies determined by individual Taqman assays (r = 0.94).  
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Supplementary Figure 9. HTR2B *20 occurs on a single haplotype background.  
Five tagging SNPs were selected to cover the HTR2B gene and genotyped in the Finnish 
case/control cohort via a 1536 array Goldengate assay (Illumina) as described
39
. The 
haplotype carrying the Q20* stop codon variant is highlighted. 
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Supplementary Figure 10. Truncated 5-HT2B is undetectable in *20 heterozygotes 
(western blots). 
 
No truncated 5-HT2B protein was observable in Q20/*20 stop codon carriers using 
antisera raised against the N-terminal (a) or C-terminal (b) regions of the receptor. 
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Supplementary Figure 11. High CSF testosterone in HTR2B *20 male carriers.  
Q20* may influence testosterone levels or interact with testosterone to cause aggressive 
behavior.  CSF testosterone was measured in 41 controls and 91 cases. Due to the 
skewness of these data (<0.96) log transformation was applied. CSF testosterone levels 
were significantly higher in the nine Q20* cases as compared to controls (t-ratio = 2.32, 
p-val = 0.024). Testosterone levels for *20 controls were unavailable.  
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Supplementary Figure 12. Working memory impairment in HTR2B *20 male 
carriers. 
 Male HTR2B Q20/*20 heterozygotes (N = 7) had significantly worse working memory, 
as indicated by digit span, but were otherwise normal cognitively. Where not visible, 
SEM’s are within the symbols. * p = 0.002; ** p S(C2CC?2 
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Supplementary Figure 13. HTR2B RNA expression in 13 human brain regions. 
 Rank order of HTR2B gene expression in human brain regions (highest expression at top) based on TCt values (TCt = Ct HTR2B – Ct 
B-Actin) from two HTR2B qPCR assays employing different combinations of primers and probes. Higher TCt indicates lower HTR2B 
expression (highest expressing regions are cerebellum, occipital cortex and frontal cortex), and each integer difference represents an 
approximately two-fold difference in RNA level. 
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SUPPLEMENTARY TABLES 
 
Supplementary Table 1. Finnish case-control resequencing and association datasets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The study protocol was approved by the Institutional Review Board (IRB) of the National 
Institutes of Health and the National Institute of Mental Health (NIMH), by the Office for 
32.0 (SD ± 9.5) 33.0 (SD ± 10.1) Age 
No Axis I 
No Axis II 
29 ASPD 
16 BPD 
15 IED 
36 ASPD+BPD 
DSM-IIIR diagnoses 
31.8 (SD ± 10.5) 32.1 (SD ± 9.2) Age 
Controls (N=96 !" Cases (N=96 !" Re-sequencing subset 
None 99% Comorbid alcohol use disorder 
8.1 (SD ± 4.9)  23.7 (SD ± 4.9),  Brown-Goodwin aggression scale  
total score  
Brown-Goodwin aggression scale  
total score  
Comorbid alcohol use disorder 
DSM-IIIR diagnoses 
Finnish case/control dataset 
11.3 (SD ± 7.2)  
 
20.0 (SD ± 8.4)  
 
27% 97% 
186 Axis I and II diagnosis- 
free 
109 other DSM diagnosis –  
(primarily Major Depression, 
anxiety disorders, addictions) 
83 ASPD 
39 BPD 
28 IED 
78 ASPD+BPD 
Controls (N = 295 !" Cases (N = 228 !" 
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Protection from Research Risks (OPRR), by the University of Helsinki Department of 
Psychiatry IRB, and by the University of Helsinki Central Hospital IRB. All subjects 
were 17 years or older at the time of the psychiatric interview. Written informed consent 
was obtained from each participant. 
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Supplementary Table 2. Region-specific primers for amplification of 108 target regions in fourteen genes. 
 
 Chr 
 
5'/exon Forward Primer Reverse Primer  bp 
            
HTR1A  5         
    5' GCAAAGACGCTGAGCTAGAGGGA GGTCGGTGACCGCCAAAGAG 908 
    1 GGCAACAACACCACATCACCA CCAGGTCTGCAAGCCGTGAG 1365 
HTR1B  6         
    5' GAGCAGCCGCAACTCCAGC CCGGTTCCTCCATGGCTCTC 693 
    1 TTCAGCTGTGAACCTGGGCG CCGCGAAAGAAGATTCGACCT 1367 
HTR2A  13         
    5' GAGCTGAAATTCCTGACAGCAGC GCCAGAACTTGTAGCAGATGAGGTG 590 
    1 CTTACAGCCACCACAGTTCAGTTCTTT TGAAGGCTGGAATATTGGTTGGG 953 
    2 TTGTGTTGCCCTTTGCCACC GCAATACAAATTCATGTTGTCAGCCA 530 
    3 GCCAATATTATGTGATGATGCTCTTGC TCACAGCTGAAATGCTGTCAGAACA 1070 
    3b TCAAAGCAAGATGCCAAGACAACA GCCGGAAACCTGAGTTCATCC 1015 
    3c CACAAGGTTGCTGGCATTTGCT CCAAAGGTTTAGGGCAAACACTATTTC 1368 
HTR2B  2         
    5', 1 CCAATAACATTCAACATGAGCAAAGGA CCTTCCCAGTTGCCTTGAGAAGA 1162 
    2 AGGGAAGGGCTATGAAGTTCAAGTG AAACAAGGGACTGTTTACTTGCCGT 901 
    3 CCAGGTGTCACAGAGACTCCCA GCTGGCTTGACCTCTCATGCTG 751 
    4a CCTGCATTGTGGGTCCCAGG TTTCCTCATGGAATAATCTTGTCCAAA 1179 
    4b TGAGGCTCCGAAGTTCAACCA AATGGCAATCTTAACTCACCTCCAGA 568 
HTR2C  X         
    5'  TGCTGCCTTGACCTTGCATTG CATATGCAATCGGCAGGTAAGGG 927 
    1 CCAGCAGGCTCCAGATGCAC AACCTCCGCTAGGGCCAGTG 849 
    2 TGCCTCAACTGTCTGGGAATGC TGAACTTCGCTAACCTAATTGTCCCA 660 
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    3 TGAAGCCATGTCTACTCCAAGAGGG ACATCGCCAAGCCCTATCCC 521 
    4 TGATGATGACAATGATGCTGATGATG CAACTCCTTCTGTCACACGATTTGC 584 
    5 TTATCATGATCACCATCATCATCCCT GAACCCGATCAAACGCAAATG 479 
    6a TGCCGTGAATAGCTTTCAACAAA TGCAAATGCCACCTGAGATGAA 1311 
    6b CAGGTGGCATTTGCAGGTGA CACAGCATAGACTGAATGGCCTGA 1074 
    6c AAGTGGCAAGCTCTTCATTGCAC GGCAGTCTGTTGCACGTGTCTT 1268 
    6d TCGTAAGTTCTGTGCAGTTTGGTATGA AGGAATTGGTGATGCTGTTGTTGA 600 
HTR3A  11         
    5', 1 AAACGTTAAGAGTGGCTGTCTCTGAGT CCCTTCTTTGCAAGCTCCGC 1128 
    2 TGCCACTTGCTCTTCCAAGCC CCATCCTGAGCTGTGGTGCC 554 
    3 TGGCCAGGGAGCTCCAGTCT CCCAATTTGGTTGCTGTCCAA 582 
    4 GCGCCACTGACACCAGCTTC TCACTGGTTTCTTTCCCTGTGGC 521 
    5 CTGCCTTGTGTGGCCAGGAG AGCAGAGGCCCAGGGCATTA 551 
    6 AGGTTGAGGTTGGGCCATCG GGCAAACAGGCTCTGCTCCC 595 
    7 TGGAGAAACTCCATGAATGTCCCTT TGACATGCTCAGCCTCTGGGA 982 
    8 CATGTTCAGGTCACCACCCG TCCCAAAGCTGCTGACAAATGG 1163 
HTR3B  11         
    5', 1 TCATCTTCAATAAGCCTAGAAGCATCC TGCAATCATAGGAGCCAAGTCACA 944 
    2 TCCATTGGGCACTTAGGCCA AGCGCAACTTCCCTGCCAGT 482 
    3, 4 GCTCATAGCGACAGGTGTGCATAAT CCATGAGATGATTCACCCTGGC 1066 
    5, 6 GCTCATCTTTGCCAGGGTGAATC GCCCGCTGAAGTCCCTGTTC 1099 
    7 TTGGCCAAATCTGAGTCTGTTGG GCCAGGTGTAGTGGTGTGTGCC 578 
    8 TGCTGCATTTCAGACTGGAGGC GAAAGCCAGAAGCAGGCAGC 417 
    9 CTTTGCCTCGCCTAATCGGG GCTTTGGGTGAGTGGACTGGG 951 
DRD1 5         
    5', 1 ACCTGGGCGAAGCGGGTT CAGGACTGGTCACCTGGGCA 1279 
    1, 2a GGGCTCTCGAAAGGAAGCCA ACACTGATCAGGATGAAGGCTGC 1383 
    2b GGCAGTGGCTGAGATTGCTGG CACTGTTGATTCTTTGCCCTATTTGG 1408 
    2c GAGCCCTCTGCTGCTTTCCA GCAGGGTTTGAGTTTGGTCCC 1066 
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DRD2  11         
    5', 1 GAAGAACGAGGTTCCTCTGCAGCCC AAACTTCTGGTCCTGGCCTCGCTCC 1041 
    2 TCCCTGTTCCATTTCCTACTCCC GGGATCCTTGCCGGTTACTCC 1292 
    3 CCAGCTGGATGCCCACAAGA TCCGTCAGAATCACAATCTTTCCC 519 
    4 CGTTGTGTCCTGGGCCACTG TGCCAACTGTCCTCGCCATC 543 
    5 GGGAGCAGTCCATCATCACAGC GCTCCACTGAGGTCCATGCC 600 
    6 GGCCCTTAGCAGGTGCTCCA CCATGCCTTGCAGAACCGAG 520 
    7 CCTCAGTGACATCCTTGCCTCC GCTTGGCCTGTGCCTGAGGA 597 
    8a TGGGAAAGGGACAAATGAGGG GGGTGCGGGAGGGAGCTAAG 992 
    8b GCTCTAGGGTTGCTGGAGCCTG GAAGCAGGAGCTGCAACAGGG 933 
DAT  5         
    5', 1 CCTCGGTGCCTTCTAAGGACCTGGA ACTGTTGGCGACTTTGGAGACGGC 1118 
    2 CCCAGAGGAATGCCCGTGA GGGAGCTCCGTCTTCACGCA 569 
    3 GGCCTCCCTGTGCTGCTCTT ATGATGCGGCTGGCTTGCTT 485 
    4 TGCTGTCTGGCATCAGGGCT GAGGGCTCGCCCTACAGGAG 591 
    5 CGTGCTCCACGGGTTTCAAG CGTCTACCCAAGCCAACCCG 600 
    6 GCATTTGCTGAGCTGGCGTC TCTCCGGGAGGCTTTCTCCA 558 
    7 CCCGGGAGGGTTCACTTCCT GCGACACACCCACTGGCTTC 505 
    8 TTCTGCCCACCCTGAGCCTT CCATCCTTCAAGAGTGAGGCAGC 509 
    9 GGACCCAGGTAATTTGGAGGAGCCC CAGCCCCGAGAAAGGTCTCCCAAAT 544 
    10 GCCATAGAAGCCCTCGCCAA AGGAGGCAGCTTCAGCCTGG 557 
    11 GCCAAGTTCCGCATTCGGTT CCCTCTGCGGAGCTGTGATG 491 
    12 CACGGCTCTTCCTGGTGCAT TTTCGGTGGGTCTAGAGGGGAG 543 
    13 GATGCCCAGCTGCCATGTCT GGCCACCTCCAGTCTCCTCC 452 
    14 GTGGGCGCTGGTGATATGGA ATGCCCAGGTCTTTGCAGGG 502 
    15a CGGCACCTGTCAAGGGTGTG ACGCTCCTCTCAGGCCGTTC 1395 
    15b CTGGTATGTCTCACCAGGAAATTCTGT AGCTTTGCTGTGGGTGGGCT 1439 
PPP1R1B  17         
    5' CTCCCGCTCCAGAGACACACACAA TGCGGTCTCCCCAGAACTTG 808 
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    1 CCAGGACCACGAAGGGGTTAAAGCC CGGGGAAAAGTTGCACGAGTCTCCA 1028 
    2 ACAGTCCTGGGCCTAAGCAGC TCCCTTCCTATCTTCTCCCACCA 586 
    3, 4, 5 TGGTGGGAGAAGATAGGAAGGGA GACAGCGGGCTATGTGTGGC 1322 
    6 CTGCCCTGGTCTGACACCCA CCCATGGAGCGAGAAGACAGG 527 
    7, 8a TCCATGCTTCCATGATGCCC ACTAGGCGGCATTCCTGGCA 942 
    8b CCCTTAATCACCCTTGCTCCTCC AGGCCTGGCACTGAGGGAAA 550 
MAOA X         
    5'  CACCAGTACCCGCACCAGTA CTGGGTCGTAGGCACAGGAGT 1150 
    1 CTAAACCTAATAACTCTCGC TACACTACACTCTCGCATGC 468 
    2 ATCAGGATTTCTGTATGAGG ACGCTTATTTGATGGGAGTA 599 
    3 GCCTTACCAATAACTTTACC CCAGGAGACTTTAGAGATTTT 557 
    4 CAGCACCAGGGAGATTCTGC GGTTCCCTTGCTATGAGGTC 533 
    5 GTTTTGGCAATGGCATTAGG GGCTGCATAGTATTCCATGG 642 
    6 CAACTCATAATTTCTTAAGCAGGAG GCTACCAAAAGGAAGGAACT 600 
    7, 8 ATCATTGAATTGTCTTGGTC CCTAAAAGACTGTGATTTCT 851 
    9 CCCTTTATGTAAAGGTGATGGAGAT GGTACAAGTTCAAAATGGTGTCAAT 543 
    10 TGCCAAAAACCATGTTAAAC GAAATCCTACCTCTTAACTACTGTA 547 
      TTCCCATTTTTATCTCGAGAAG GCTTTATACTCTCTTCATAAGACTG   
      TGGGGAAGTAAAGTCTGTTA ACAGGTCTTGGATTAATTGG   
      CTTTAATGATTGATGATCTGATGGC CCTGGGATAGTTGCATCTATAATTA   
    15a TATAGATGCAACTATCCCAG GTAAGTTGAGAGGTATGTCTAA   
      AACTTCAGGAAAGCAGCAGT AAGCCATTGAACTTTCTGCA   
    VNTR TAGAGTCACTTCTCCCCGCCCCTGA GTGTCCTGATTGGAGGCTGTGACGG 643 
SLC6A4 17         
    VNTR TGTTCATCTGAAAGGAGGAGGCCCC GGATTCTGGTGCCACCTAGACGCCA 554 
    1 AGGCGCACACCTGCTCCTTT ATGCACCTCCTCGCCTCCTC 584 
    2 GCTGAGCTGACTTCCCTGCG CTGCCTTTCAGCAGGCAGGA 544 
    3 TGGACTGCCATGTAGCAAATAGGA GACATAATCTGTCTTCTGGCCTCTCAA 861 
    4, 5 GACACTCACATCATCCGGCGA CAGGCCGTGGAGCACTTGAG 1077 
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    6, 7 GGGCACCCTCAAAGGAGCAG GCCACATTTCAGTTGTCCCTACTGTC 1385 
    8 TTGAGGCCACTGGATGGGTTT CGGCCTGGATGAGTGCTCTG 501 
    9 TCTAAGGCAGGGCAGGCACA AGGCATCGAGCTTCTCTCAAATCTT 595 
    10, 11 CCCAGGGTTAATGGAGGGCA GCCAGGGCACTGTGTGAGATG 1236 
    12 GCAAAGGCCAGTCCAAGAAC CATCGGGAGGTCACATCTTG 675 
    13 CAGCTCTCAGGAAGGCGGTG GGAAGTCTTTCGCCAGGGCA 536 
    14 TCAGGGAAAGCACCTGGCTG TTTGCCCTTGCATTTGAGGC 586 
    15 GGCCGCAGAAGTCTCCTCTGT GCAGAGCATGTTGTAGTGATTGTACCC 1152 
TPH2  12         
    5' TGGAGTTGGTCAATGAGTAA GAAACTCATTTCTGGTTGCC 600 
    1 CCCTTATGTATTGTTCTCCACCACCC GCAGACAGGAGGAAAGCAGGG 600 
    2 CACGGCAACTTCACCTTAAG CCTGGCAATAGTCTTCAGAG 533 
    3, 4 TGAGGCAGGACAACCTATACACAGAA CCTCCCTAGTTTCCCAGAGGCA 970 
    5 GCCTGAATTGCCACACATCCT AGCACTTGGCATGTGGCTCA 503 
    6 TGTGCTCCACTTTGCCAGGG GCCACAAAGAGGCCTCAGCA 522 
    7 TCTCCTGGAAACCGTCATTTGAGA CCCACGGACCCAGATGAGGA 531 
    8 TGAGATGCAGTGGGATTTCAGACA TCTGACAGAGTCCTTACGACCCACA 580 
    9 TTTGACTCATAGGGCTTCTG TGACCCATTTTCACAAGTGC 528 
    10, 11 CCCTGCACACAGGAGAGTTCCA CACATGCAAGCACTGGGACG 1533 
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Supplementary Table 3. Sequence variants detected by exon-centric sequencing of 
14 genes. 
 Exon-centric resequencing of 14 genes (81.8 kb) was performed in 96 unrelated Finnish 
cases and  96 controls, yielding 360 SNPs. Non-coding SNPs: 1/144 bp. Coding SNPs: 
1/783 bp, including synonymous SNPs: 1/1472 bp and non-synonymous SNPs: 1/1673 
bp. 
 
SNPs Gene Total bp 
Synonymous 
 SNPs 
4416 
44994 
6221 
5213 
2840 
6510 
3612 
3685 
2881 
2187 
1829 
806 
845 
2630 
1319 
2360 
36802 
2766 
3925 
1841 
4073 
1817 
2221 
4169 
2227 
3009 
1173 
1269 
2579 
3373 
27 
313 
1 
22 
3 
25 
6776 
81796 
TPH2 
TOTAL 
44 2 0 8987 SLC6A4 
54 1 4 9186 SLC6A3 
13 1 0 4681 PPP1R1B 
27 1 3 10583 MAOA 
31 3 1 5429 HTR3B 
26 0 4 5906 HTR3A 
22 1 0 7050 HTR2C 
9 4 0 4414 HTR2B 
20 3 4 4838 HTR2A 
6 1 2 1979 HTR1B 
0 0 1 2114 HTR1A 
22 2 2 5209 DRD2 
12 2 1 4692 DRD1 
bp screened bp screened 
Missense 
and Stop 
Non-coding Coding 
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Supplementary Table 4. Frequencies and secondary single marker associations for 21 additional nsSNPs.  
Subsequent to global analysis with four putatively functional SNPs and single locus analysis of Q20*, 21 additional nsSNPs were secondarily 
gentoyped in the Finnish case/control dataset. Single marker associations were performed using the Pearson chi-square test. Shown are uncorrected p 
values. Cases were either ASPD, BPD or IED. 
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Supplementary Table 5. Predicted functionality of missense/nonsense variants via 
PolyPhen and SIFT.  
From among 27 missense/nonsense variants, variants predicted to be probably damaging 
or damaging for protein function via PolyPhen and SIFT amino acid substitution 
prediction methods are shown. Four variants (DRD1 S259Y, HTR2B R388W, HTR2B 
Q20*, and TPH2 P206S - rs17110563) scored as damaging or intolerant by both methods 
were used in a global test of proportion of rare functional variants in cases and controls. 
(Sequencing estimated frequencies for allele 1 (A1) and allele 2 (A2) are shown).  
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Supplementary Table 6. Global test of association for four putatively functional 
SNPs, and case/control association of HTR2B *20.     
In a global test for excess of rare functional variants in cases (ASPD, BPD or IED), 
genotypes of four SNPs classified as functional by both PolyPhen and SIFT (DRD1 
S259Y, HTR2B R388W, HTR2B Q20*, and TPH2 rs17110563) were collapsed so that an 
individual was coded as 1 if a rare allele was present and otherwise as 0. Frequencies of 
putatively functional variants were globally compared between cases and controls, with 
the null hypothesis being a lack of difference between cases and controls in the 
proportion carrying the putatively functional variants.  
Case-control association test was also performed for HTR2B Q20* alone. 
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Supplementary Table 7. HTR2B *20 co-segregates with ASPD in eight informative 
families. 
Informative meioses in 8 Finnish pedigrees, from among 89 that where comprehensively 
genotyped. 
A = affected (ASPD) 
U = unaffected 
Affected status was defined as presence of ASPD, BPD, IED, and in these families all 
cases where ASPD. Meioses supporting linkage of *20 to impulsivity are on the left and 
meioses with genotype/phenotype configurations contrary to the hypothesis of linkage are 
on the right side of the table.  Superscripts indicate the number of individuals in the same 
category within the family, so for example in Family one, 2/2 informative meioses are in 
the linked configuration, with one of the offspring in that family affected (and carrying 
*20) and one unaffected offspring being a Q20/Q20 homozygote. 
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Supplementary Table 8. HTR2B *20 was undetectable in other populations 
worldwide.  
The HTR2B *20 stop codon was genotyped in >3100 individuals representative of 
worldwide ethnic diversity and including DNAs from the Human Genome Diversity 
Panel (HGDP).  Only one additional *20 carrier was observed, a female alcoholic with a 
Finnish surname.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 1064 0 CEPH 
1 2532 571 Total 
0 661 268 African-Americans 
0 334 56 American Indians 
1 473 247 Caucasians 
Q20* Controls ASPD/IED/BPD cases Populations 
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Supplementary Table 9. Frequency (0.012) of HTR2B *20 in Finland including 
case/control, psychosis, and twin datasets (total N = 6554). 
 The HTR2B *20 variant has an allele frequency of 0.012 in the Finnish population, as 
represented by the epidemiologically ascertained Older Finnish twin cohort, FinnTwin12 
and FinnTwin16 cohorts. This allele frequency is in agreement with the allele frequency 
of 0.012 determined in controls belonging to the Finnish violent offender case/control 
and similar to the frequency in Finnish Bipolar and Schizophrenia families (0.009). The 
frequency of *20 is 0.037 among Finnish violent offenders as compared to 0.012 in 
controls in that same case/control sample (p= 0.007).  
Allele frequencies in the Finnish Twin Cohorts are corrected for genetic relationship, and 
cases and controls in the violent offender case/control study are unrelated. 
 
 
 
 
 
 
 
 
 
 
 
 
0.037 Finnish violent 
offenders - cases 
0.013 The Older Finnish 
Twin Cohort 
0.012 FinnTwin12 + 
FinnTwin16 studies 
0.009 Finnish Bipolar and 
Schizophrenia families 
0.012 Finnish violent 
offenders - controls 
HTR2B *20 
Allele freq 
Finnish datasets 
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Supplementary Table 10. Distribution of HTR2B *20 in a Finnish psychosis dataset 
(N = 1885). 
Finnish families with at least one family member affected by bipolar disorder or 
schizophrenia. Among 1885 genotyped individuals psychosis was numerically, but not 
statistically, more prevalent in *20 carriers. Early-onset schizophrenia was observed 
among the HTR2B *20 carriers (mean 20.9; median 19 years) compared to Q20/Q20 
individuals (mean 24.5; median 22 years), p = 0.035 (Student's two-tailed unequal 
variance T-test). 
 
 
16 (0.007) 1185 Control 
1853 
668 
Q20/Q20 
32 
16 (0.012) 
Q20/*20 
Total 
Psychosis 
Bipolar Disorder + 
Schizophrenia 
Families dataset 
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Supplementary Table 11. Distribution of HTR2B *20 in three Finnish twin cohorts. 
 
Finnish Older Twin cohort, FinnTwin12 (FT12) and FinnTwin16 (FT16) datasets were genotyped for HTR2B Q20*. One *20/*20 homozygous 
individual was identified in a dizygotic twin pair belonging to the FT16 cohort. Allele frequencies are reported for each cohort after correction for 
genetic relationships. Each monozygotic twin pair, because of genotypic identity, was counted as one individual. Dizygotic twin pairs were corrected 
for 1.5 independent genomes, because 50% of their genome is shared. 
   Twin pairs  
0.0120 
 
 
0.0131 
*20 Allele 
frequency 
3 
0 
 
17 
0 
2-U 
759.5 
351 
 
1609 
248 
Corrected 
N 
19.7 
7 
 
37.7 
11 
Corrected  
N of Q20/*20 
14 
0 
 
19 
0 
1-2 
4 
7 
 
6 
11 
2-2 
1 
0 
 
0 
0 
2-3 
98 
0 
 
743 
0 
1-U 
 FT12 + FT16 
344 MZ 
420 DZ 
541 DZ 
237 MZ 
1-1 The Older Finnish 
Twin Cohort 
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Supplementary Table 12. Selective impairment of working memory in male HTR2B *20 carriers. 
Relationship of Q20* to working memory in the FT16 and FT12 cohorts (424 males and 509 women). Working memory was assessed with the Digit 
Span Forward and Backward subtests of the Wechsler Memory Scale-Revised (WMS-R). A linear regression model that included sex and genotype 
was applied to test for difference in working memory between *20 carriers and non-carriers (means and SE are reported). Male and female *20 
carriers showed no difference in performance on other cognitive tests listed in Supporting Online Materials. p values (Bonferroni corrected) are 
shown in italics in parenthesis. 
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Abstract: Our investigations were prompted by discovery of a rare HTR2B stop codon that 
segregates with impulsivity, a trait suspected to associate with most forms of drug seeking 
behavior and addiction. Here we found in humans, that a common HTR2B haplotype predicts 
lower expression of serotonin 5-HT2B receptors and lifetime diagnosis of cocaine 
dependence. In mice permanently lacking 5-HT2B receptor, previously shown to display 
increased impulsive choice, a reduced cocaine-induced dopamine accumulation restricted to 
ventral striatum is associated with increased cocaine-induced locomotor responses and 
conditioned place preference. Local Htr2B inactivation and in vivo electrophysiology identify 
that this receptor, intrinsic to the mesolimbic dopamine neurons contributes to the phasic 
dopamine release. Unifying the effects of HTR2B on addiction circuits in mice and human, a 
pain/stress challenge in people with low expressing HTR2B haplotypes induces a reduced 
dopamine release selectively in ventral striatum, a trait found in addicted patients. The 
identification of the critical role of serotonin on dopamine reward pathway—in particular, 5-
HT2B receptor permissive role vis-à-vis local dopaminergic tone—provides a functional link 
between impulsive and addictive behaviors.  
 
 
Introduction:  
Addictions are moderately to highly heritable, but the genes involved are largely unknown1. 
Intriguingly, much of the inherited propensity to addiction is shared across addictive agents, 
pointing to the importance of genetic variation in processes foundational to addiction, 
including reward and impulsivity1,2. The impulsive/compulsive model of addiction liability 
has connected pre-exposure impulsivity and novelty seeking, factors that themselves increase 
likelihood of exposure, to post-exposure responses including drug-seeking behavior, 
conditioned place preference, and punishment-resistant responding3,4. The role of neurons 
releasing dopamine (DA) has been established via elegant and diverse investigations in both 
humans and model organisms5,6. Shifts in DA release and DA receptor expression appear key 
to the transition from impulsive to compulsive use7-9. Furthermore, interindividual variations 
in several genes regulating DAergic function, including the DA receptors (DRD2, DRD4), 
DA transporter (DAT), monoamine oxidase A (MAOA), and catechol-O-methyltransferase 
(COMT), have been tied to variation in addiction liability, including impulsivity10. 
Nevertheless, none of these genetic findings has approached significance on a genome-wide 
scale. The diseases of addiction are clinically-defined end-diagnoses. Representing amalgams 
of preexisting vulnerabilities, these diseases are relatively intractable to genetic analysis as 
compared to traits such as stimulus-induced extracellular DA increase, or even impulsivity, 
that are suspected to be the bases of vulnerability.  
We recently found that a functional stop codon in the human 5-HT2B receptor gene 
(HTR2B) releases impulsive behavior11, especially under conditions where control is impaired, 
the carriers of the stop codon being more vulnerable to alcoholism, and having more 
problems if they drank. Similarly, Htr2B knockout (Htr2Bí/í) mice displayed more impulsive 
choice in delayed discounting tasks, sought novelty, and were more active after receiving a 
D1 dopamine receptor agonist11. These observations suggested a neuroscience-based 
approach to interindividual variation in addiction susceptibility, melding observations of 
effects of the human stop codon with effects of the gene in the mouse. Here, we have 
extended that approach to close in on the mechanism of action of HTR2B as a new component 
in the molecular neurobiology of addiction.  
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The role of the HTR2B stop codon in impulsivity and the effect of the Htr2B knockout 
on impulsive choice, including increased motor activation following a D1 agonist, were fully 
consistent with emerging support for a role of serotonin (5-HT) in the rewarding effects of 
psychostimulants12,13 but left open the question of whether this receptor was modulating 
vulnerability to addiction to these agents. Regarding the connection between 5-HT and 
psychostimulant induced reward, 5-HT neurons in the dorsal raphe nucleus project to the 
ventral tegmental area (VTA) and nucleus accumbens (NAcc) and modulate DAergic 
neurotransmission14. Regulation of mesolimbic DA release by 5-HT and its receptors thereby 
modulates the reinforcing effects of drugs of abuse. Presynaptic 5-HT2B receptors alter the 
psychostimulant effect of the club drug, ecstasy (MDMA)15,16. Both pre-clinical studies and 
clinical trials indicated that 5-HT and its receptors modulate cocaine action17. Moreover, an 
association study in poly-substance abusers supported the notion that genetic variation in 
HTR2B modulates vulnerability18 but as is common in association studies of this type, with no 
insight as to the mechanism by which the 5-HT2B receptor might modulate vulnerability or 
connection to functional variation at the gene. Here, we attempted to bridge those gaps in the 
chain of causation between the HTR2B gene and addiction, via complementary approaches in 
mice and humans. We focused our attention on one model addictive drug, cocaine, with 
studies of cocaine-induced locomotor responses and place preference in mice and 
vulnerability to addiction predicted by a functionally relevant haplotype in humans. Via 
studies in mice and humans, we were able to show that 5-HT2B receptors intrinsic to the 
mesolimbic system contribute to the control of extracellular DA concentrations induced by 
either cocaine (in mice) or pain/stress (in humans). 
 
 
Results:  
5-HT2B receptor gene inactivation increases response to cocaine. 
Repeated exposure to drugs of abuse progressively increasing the shift in an incentive 
salience state and once established, behavioral sensitization to addictive agents is long-
lasting, being observed after re-exposure to the drug even several weeks later19. Behavioral 
sensitization can be measured by progressive enhancement of locomotor responses following 
repeated drug exposure20,21, and locomotor sensitization is a strong correlate of vulnerability 
to addiction22. A single acute injection of cocaine dose-dependently increased locomotor 
activity to different extents in wildtype Htr2B+/+ and knockout Htr2Bí/í mice (Fig. 1a) (p = 
0.015). After a second injection seven days later, locomotor response was enhanced (Fig. 
1b), and Htr2Bí/í mice exhibited higher cocaine-induced locomotor response (Fig. 1a-b) (p = 
0.029) without increased anxiety or stereotypy (Fig. 1d). Conditioned place preference 
(CPP), a form of Pavlovian conditioning is used to measure the motivational effects of 
objects or experiences associated with a drug, pairing of neutral but distinct environmental 
stimuli with a drug that results in acquired preference for the specific stimuli. CPP is thus a 
method that can robustly assess the induction of long-lasting responses to drugs23. Repeated 
injection of cocaine in a paired compartment induced CPP in both Htr2B+/+ and Htr2Bí/í mice 
(Fig. 1c). However, as was also observed for psychostimulant-induced locomotion, the 
preference was significantly stronger in Htr2Bí/í mice (p = 0.027).  
 
Chronic 5-HT2B receptor blockade increases response to cocaine. 
We tested whether modulation of cocaine preference and locomotor response in 
Htr2Bí/í mice is developmentally mediated via the effect of a highly selective and potent 5-
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HT2B receptor antagonist (RS127445) on locomotion. Cocaine-induced locomotion was not 
altered in acute antagonist-treated mice compared to Htr2B+/+ mice (Fig. 2a). However, four 
weeks antagonist-treated Htr2B+/+ mice displayed increased locomotor activity in a novel 
environment (Fig. 2b), an effect that parallels the novelty-induced increase in locomotion 
observed in Htr2B-/- mice11,15. Mice chronically treated with antagonist responded differently 
to a first injection of cocaine (Fig. 2c) (p = 0.006), and showed sensitization to a second dose 
delivered seven days later (Fig. 2d) with a greater cocaine-induced locomotion as compared 
to untreated Htr2B+/+ (p = 0.002). These altered cocaine responses were observed in absence 
of changes in anxiety associated behaviors (Fig. 2e,f). Together these results suggest that 
chronic, but not acute, inhibition of the 5-HT2B receptor is sufficient to recapitulate some of 
the behaviors of the Htr2B knockout due to long-term neuroadaptations, without invoking 
developmental defects. 
 
HTR2B haplotypes, receptor expression, and risk of cocaine dependence 
We recently identified a stop codon (Q20*, rs79874540) in the HTR2B gene associated 
with impulsive behavior in Finnish violent offenders11. This stop codon is unique to Finnish 
Caucasians, a founder population in which biomedically significant genetic heterogeneity is 
reduced. In the present study, we extended the investigation of the behavioral role of the 
HTR2B gene to common functional variation that is present beyond the Finnish population. 
Binding assays using a selective 5-HT2B receptor radioligand in lymphoblastoid cell lines 
were used to investigate the functionality of common 7-locus HTR2B haplotypes (see 
methods, Fig. 3a). The rare stop codon is itself on a distinct haplotype (Fig. 3b). In 62 Finns 
representing the common HTR2B diplotypes (27 H1/H1 homozygotes, 30 H2/H2 
homozygotes and 5 H1/H2 heterozygotes), 5-HT2B receptor expression was higher in the 
H1/H1 as compared to the H2/H2 diplotype (F = 319.16, df = 1, p < 0.0001) (Fig. 3c). In 18 
African-Americans (8 H2/H2 homozygotes and 10 H4/H4 homozygotes), the H1 haplotype 
being uncommon in this population, we again observed lower receptor expression in 
individuals with the H2 haplotype (F = 41, d = 1, p < 0.0001) (Fig. 3c). Thus, the H2 
haplotype identified in both Finns and African-Americans is associated with lower receptor 
expression levels.  
In a logistic regression analysis in the African-American dataset with cocaine 
dependence as the dependent variable and HTR2B diplotypes as the independent variable 
(Table S1), a significant effect of HTR2B on cocaine dependence was observed (N = 182 
cases, N = 141 controls, p = 0.016). The higher expression H4/H4 diplotype drove this 
association, with a protective effect on cocaine dependence (Ȥ2 = 11.96, p = 0.002, df = 1, 
O.R. = 0.3, 95% C.I. = 0.18-0.67) (Table S2). In a haplotype-based analysis, the most 
common haplotypes H2 and H4 showed a significant difference in frequency between cases 
and controls (N = 218 cases, N = 176 controls, Ȥ2 = 6.5, p = 0.01, df = 1). The H4 haplotype 
was associated, consistent with the diplotype-based analysis, with reduced risk of cocaine 
dependence (O.R. = 0.6, 95% C.I. = 0.4-0.9), while the H2 haplotype conferred increased risk 
for cocaine dependence (O.R. = 1.6, 95% C.I. = 1.1–1.4) (Table S3). At the single SNP level, 
associations to cocaine dependence (N = 206 cases, N = 171 controls) were observed for 
rs6736017 (p = 0.02), rs1549339 (p < 0.0001), and rs17586428 (p < 0.0001) (Table S4). The 
effect size on risk was moderate (Table S4). For example, homozygotes for the rs6736017 
allele located on the higher expression haplotype had reduced risk for cocaine dependence 
(O.R. = 1.7, 95% C.I. = 1.1-2.2), and homozygotes for the rarer rs17586428 allele that is also 
on the lower expression haplotype had a somewhat more strongly predicted reduced risk 
(O.R. = 0.4, 95% C.I. = 0.2-0.6). These data suggest that an HTR2B haplotype that reduces 5-
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HT2B receptor expression increases risk of cocaine dependence congruently with the effect of 
the HTR2B stop codon to increase impulsivity and the enhanced impulsivity and novelty 
seeking of Htr2B-/- mice, but do not rule out a more direct effect on vulnerability by altering 
drug-mediated reward. 
 
Permanent lack of 5-HT2B receptor expression alters striatal DA release 
ERK1/2 stimulation is an essential component of signaling pathways initiating 
synaptic plasticity and long-term behavioral effects of drugs of abuse24 that requires 
stimulation of dopamine D1 receptors. Thus, ERK1/2 phosphorylation provides an index of 
pre-synaptic DA release and post-synaptic DA receptor activation in the striatum. We 
quantified phosphorylated-ERK1/2 (p-ERK1/2) immunoreactive neurons in striatum of 
Htr2B+/+ and Htr2Bí/í mice 10 min after cocaine injection. Cocaine induced 10-fold, 2.5-fold, 
and 5-fold increases in p-ERK1/2 immuno-positive neurons in the NAcc shell, NAcc core 
and dorsal striatum of Htr2B+/+ mice, respectively (Fig. 4a-d). Although cocaine-induced 
increase in locomotor activity was stronger in Htr2Bí/í compared to Htr2B+/+ mice (Fig. 4e), 
the increase of p-ERK1/2 immuno-positive neurons in the NAcc shell of Htr2Bí/í mice was 
significantly lower (p < 0.0001). Nevertheless, the increase in the number of p-ERK1/2 
immuno-positive neurons in the NAcc core and dorsal striatum was comparable in Htr2Bí/í 
and Htr2B+/+ mice (Fig. 4b-d). These results suggest a D1 receptor function defect or, 
alternatively, reduced DA accumulation in the NAcc shell of Htr2Bí/í mice upon cocaine 
injection. Basal expression of D1 and D2 receptors in striatum of Htr2Bí/í mice did not differ 
from Htr2B+/+ mice (Fig. 4h-j), and neither did dopamine D1 receptor coupling to Gαolf (Fig. 
4k,l). Moreover, there was no difference in striatal DAT, SERT, NET expression between 
Htr2B+/+ and Htr2Bí/í mice15,25,26. Comparing NAcc 5-HT and DA extracellular concentrations 
by microdialysis in awake Htr2B+/+ and Htr2Bí/í mice, cocaine injection induced a 7-fold 
increase in extracellular 5-HT levels in either mice (Fig. 4f). However, compared to the 10-
fold increase in extracellular DA concentration observed in Htr2B+/+ mice, cocaine elicited a 
much lower increase (2.5-fold) in synaptic DA levels in the NAcc of Htr2Bí/í mice (Fig. 4g) 
(p < 0.0001). Altogether, these results suggest that in cocaine-treated Htr2Bí/í mice, a reduced 
accumulation of DA blunts activation of medium spiny neurons in the NAcc shell, without 
modification of activity in the dorsal striatum.  
 
Serotonergic regulation of the mesolimbic DA neurons 
It is well established that nigrostriatal and mesolimbic DA-containing neurons are 
modulated by serotonergic neurons originating from the midbrain raphe nuclei. These 5-HT 
projections innervate the substantia nigra pars compacta (SNc) and VTA as well as their 
terminal areas including the dorsal striatum and NAcc, respectively (i.e. nigrostriatal and 
mesolimbic pathways). To investigate the hypothesis that 5-HT2B receptors directly 
participate in the control of cocaine-induced increase in DA extracellular levels, we evaluated 
whether 5-HT2B receptors were expressed in DAergic neurons. Single-cell RT-PCR on 
identified GFP-positive VTA neurons from D2-EGFP mice showed that among D2 positive 
neurons in VTA, 40% of the tyrosine hydroxylase-expressing cells also expressed Htr2B 
mRNA (Fig. 5a). These data establish for the first time the expression of the 5-HT2B receptor 
in VTA DAergic neurons. Single-cell RT-PCR experiments on selected GFP-positive SNc 
neurons revealed that 5-HT2B receptors are also expressed in some of these DAergic neurons 
(27%). The two primary efferent fiber projections of the DAergic VTA neurons are the 
mesocortical and the mesolimbic pathways, innervating the prefrontal cortex and the NAcc, 
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respectively. The nigrostriatal DA system runs parallel to it but connects the SNc to the 
dorsal striatum (see retrograde tracing from the NAcc Fig. 5b et S1a and dorsal striatum Fig. 
5b et S1b). To investigate which pathway(s) express the 5-HT2B receptor, we used 
stereotactic red-dextran retrograde tracing in D2-EGFP mice to identify DAergic neurons of 
the VTA projecting to NAcc (Fig. 5b). Strikingly, all the double labeled neurons (D2-EGFP 
and red-dextran) expressed the 5-HT2B receptor (n = 13 out of 13), suggesting that the 5-HT2B 
receptors could be involved in serotonergic regulation of the mesolimbic DA pathway.  
To functionally validate this observation, we generated mice that can be locally 
inactivated using mice engineered to have recombination sites (loxP) flanking the Htr2B locus 
(Htr2Bfl/fl) (Fig. S1) and injection of virus-driven expression of the Cre recombinase with 
adeno-associated virus (AAV)-expressing Cre under a Synapsin promoter (AAV-Syn-Cre) 
(Fig. S2c-e). Six weeks after injection into VTA of AAV-Syn-Cre virus, the Htr2Bfl/fl mice 
displayed increased locomotor activity in a novel environment (Fig. 5d) comparable to that 
observed after chronic exposure to RS-127445 or in Htr2B-/- mice at baseline11,15. Acute 
injection (1st injection) of cocaine induced a stronger increase in locomotor activity in 
Htr2Bfl/fl mice that have been injected into VTA with AAV-Syn-Cre virus than with a control 
AAV-Syn-GFP virus (Fig. 5c) (p = 0.035). The stimulant effect of a challenge dose of 
cocaine seven days later (2nd injection) was significantly enhanced compared to the first 
injection (Fig. 5c). Moreover, cocaine-induced locomotion was higher in VTA of AAV-Syn-
Cre-injected compared to AAV-Syn-GFP-injected Htr2Bfl/fl mice (p = 0.0026). Thus, local 
VTA Htr2B inactivated, as chronically RS127445-treated or Htr2B-/- mice displayed increased 
locomotor responses to environmental novelty and exhibited increased sensitivity to cocaine. 
Inactivation of the receptor in VTA DAergic neurons is therefore, at least in part, responsible 
for these effects. 
 
Modulation of VTA DAergic cell excitability by 5-HT2B receptors 
We tested the hypothesis that 5-HT2B receptors directly modulate the activity of DA 
neurons by recording electrophysiological activity of VTA DA neurons in vivo in Htr2B+/+ 
and Htr2B-/- mice. Mice were anesthetized and the active cells encountered in a stereotaxically 
defined block of brain tissue including the VTA were recorded when the neurons met the 
three criteria used to identify VTA DA cells (see methods). Extracellular single unit 
recordings (Fig. 6a) were obtained from 20 and 17 neurons in anesthetized Htr2B+/+ and 
Htr2B-/- mice, respectively. VTA DAergic neurons exhibit a patterned spontaneous firing 
activity, described as a continuum between two distinguishable rhythms: a slow regular 
single spike firing (tonic) and a bursting (phasic) mode27-29. Even though it is now clear that 
multiple regulatory systems modulate DA release, the burst-firing mode generates particular 
interest because it causes a substantially larger increase of DA release than regular spiking, 
and is critical for acute responses for example the reaction of VTA to psychoactive drugs30. 
DA cells activity were then characterized using the firing rate and the % of spikes within a 
burst (%SWB, methods). Overall, DA cells fired at an average rate of 1.95 ± 0.2Hz in 
Htr2B+/+ and 1.81 ± 0.33Hz in Htr2B-/- mice. Among this firing, the mean percentage of 
bursting, evaluated in individual cells (ranging from 0% to 16% in Htr2B+/+ and 0% to 60% in 
Htr2B-/- mice) was 2.3% in Htr2B+/+ and 7.3% in Htr2B-/- mice. After a baseline recordings, 
cocaine was injected intraperitoneally and the evoked modifications on firing rate was 
analyzed (methods). Overall, cocaine decreased the firing rate by 62.3% in Htr2B+/+ mice 
while in Htr2B-/- mice this decrease was significantly greater (90.9%) (p = 0.038) (Fig. 6b). 
The decrease in firing rate lasted for more than 30 min after drug delivery and was not always 
followed by a return to pre-injection levels. Overall, the decrease in firing rate that follows 
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cocaine administration was not predicted by the initial bursting activity of the cells. Our 
results indicate that long term blockade of 5-HT2B receptor lead to a stronger inhibition of 
firing rate by DA neurons and supports the hypothesis that endogenous 5-HT modulates VTA 
DAergic cell excitability via a tonic effect of 5-HT2B receptors. 
 
Reduced 5-HT2B receptor expression alters striatal DA release 
To examine potential effects of low-expressing haplotypes on DA release in healthy 
humans, we selected a physiological stimulus known to reliably release DA whilst excluding 
any drug-specific effects consisting of moderate, sustained, muscular pain that has been well-
validated as a DA releaser in the mesolimbic system31. We genotyped 54 healthy adults (60% 
female; age range, 19–40 yr) who underwent positron emission tomography (PET). Striatal 
D2/D3 binding potential (BPND), a measure of in vivo receptor availability, was quantified in 
three striatal regions before and after the challenge using the displaceable radiotracer [11C] 
raclopride, and change in BPND was calculated as an index of DA release31,32. Forty-two 
participants had one of four common HTR2B diplotypes (H1/H1, H1/H2, H1/H3, H2/H3) 
whose expression levels could be predicted and were therefore included in the analysis. To 
test the primary hypothesis that HTR2B genotype affects DAergic function, we used a 
repeated-measures general linear model, controlling for sex, age, and ancestry. We found a 
significant interaction between pain-stress condition and HTR2B diplotype group (p = 0.043, F 
= 2.04, df = 9,95; Hotelling multivariate test) suggesting a gene effect on stress-induced DA 
release (Table S5). There was no significant main effect of HTR2B diplotype group (p = 0.86, 
F = 0.52, df = 9,95; Hotelling multivariate test). However, there is a significant effect of sex 
on D2/D3 binding potential (Table S5), and females tend to release more DA during the pain 
condition while males tend to release less DA. Possibly because of this sex difference, there 
is no main effect of the pain challenge on D2/D3 binding potential in the total sample (Table 
S5). Based on this result, we performed several exploratory analyses. First, we computed the 
percentage change in BPND – an index of DA release – in each region (Fig. 7a-c). Stress-
induced DA release tended to be greater in the H1/H3 group compared to the other three 
groups (accumbens p = 0.03 to 0.10, caudate p = 0.09 to 0.39, putamen p = 0.04 to 0.06, 
uncorrected) although post-hoc comparisons did not survive correction for multiple testing (p 
= 0.19 to 1.0, Bonferroni correction) (Table S6). Second, we examined females and males 
separately using a repeated-measures general linear model, controlling for age and ancestry. 
The interaction between pain-stress condition and HTR2B diplotype group was confirmed for 
both females (p = 0.002, F = 3.64, df = 9,47; Hotelling multivariate test) and males (p = 
0.005, F = 3.78, df = 9,23; Hotelling multivariate test) (Table S7). If there was no main effect 
of the pain challenge on D2/D3 binding potential in the total sample (Table S5), there is a 
main effect of pain in females and in males considered separately (Table S7a and 7b). 
Importantly, the significant pain*HTR2B interaction persists regardless of whether we 
consider all subjects and control for sex (Table S5), or consider only females (Table S3a), or 
consider only males (Table S7b). Third, we examined Caucasians only, controlling for sex 
and age, and the stress-by-gene interaction was confirmed (p = 0.023, F = 2.33, df = 9,71; 
Hotelling multivariate test) (Table S7c). Inspection of group differences suggested that 
carriers of the low expression H2 haplotype exhibited the least dopamine release especially in 
NAcc (Fig. 7c), and following the rank order H3 > H1 > H2. The PET data demonstrate a 
likely effect of the HTR2B locus on mesoaccumbal DA responses to pain in humans. Overall, 
these results indicate that in humans genetic variation leading to reduced 5-HT2B receptor 
expression is associated with a reduced release of extracellular DA in ventral striatum and no 
changes in dorsal striatum, supporting the findings obtained in mice.  
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Discussion:  
In this work, we established that a common haplotype associated with reduced 5-HT2B 
receptor expression segregates with increased risk for cocaine addiction. On a statistical 
basis, the evidence is moderate, consistent with the number of cocaine addicts we studied and 
the modest effects of any one genetic locus on the etiologically heterogeneous phenotype of 
addiction. However, the effect of the HTR2B haplotype on addiction is fully, and directionally, 
consistent with this haplotype’s effects on DA release in human brain, and has predictively 
led to the discovery of a major role for the 5-HT2B receptor in the mesolimbic reward system. 
More detailed studies will be required in humans to elucidate effects of blunted 5-HT2B 
receptor expression, for example whether the risk effects are mediated via altered response to 
the drug (sensitization), via predisposition to use drugs (impulsivity and novelty seeking) or 
some combination. It is likely that effects of altered mesolimbic DA function are pleiotropic. 
However, some important clues are offered by the rodent model in which environment and 
drug exposure are controlled. In mice, and independent of any information about novelty 
seeking or impulsivity, either permanent Htr2B ablation or chronic receptor inhibition can 
lead to stronger behavioral response to cocaine.  
In particular, we demonstrate that long-term inactivation (chronic pharmacological 
blockade or genetic ablation) of the 5-HT2B receptor is required for novelty- and cocaine-
induced hyperlocomotion, while acute pharmacologic inhibition had no effect. Interestingly, 
in cocaine-injected Htr2B-/- mice, reduced release of DA blunts activation of the ERK1/2 
pathway in medium spiny neurons of the NAcc shell, without modification of reactivity of 
the dorsal striatum. This main difference between dorsal and ventral striatum activation was 
also reported in rats following amphetamine injection in the presence of 5-HT2B receptor 
antagonist33. Similarly to cocaine, amphetamine-induced locomotor activity is increase in 
Htr2B-/- compared to Htr2B+/+ mice following acute or repeated cocaine-injections (see Fig 
S3a-g). We also report that 100% of the retrogradly labeled DA neurons of NAcc originating 
from VTA do express 5-HT2B receptors that modulate DA neuron activity by controlling their 
firing rate. Furthermore, local virus-induced recombination of Htr2B gene recapitulate, after 6 
weeks, totally or partially, novelty- and cocaine-induced hyperlocomotion seen in Htr2B-/- 
mice or chronic antagonist-treated mice. A delay appears thus necessary to allow 
neuroadaptations that are responsible for these apparent paradoxical responses, the increased 
cocaine response being only an indirect consequence of the reduced DA tone observed in 
NAcc and downstream adaptation.  
To study putative functional impact of reduced HTR2B expression in healthy humans, 
we selected a physiological stimulus known to reliably release DA, excluding any drug-
specific effects and consisting of moderate, sustained, muscular pain that has been well-
validated as a DA releaser in the mesolimbic system31. Coherent with the mice data, carriers 
of the low expressed H2 haplotype exhibited the least DA release in NAcc. Interestingly, 
VTA DA neurons that project to NAcc shell have been shown to be able to respond to both 
rewarding and aversive stimuli34. In a similar PET experiment, Cox and coworkers reported 
that, in sessions of acute tryptophan depletion, cocaine yielded significantly greater changes 
in BPND values in dorsal putamen and caudate while acute tryptophan depletion alone did 
elicit evidence of decreased DA release, particularly within the ventro-lateral putamen, 
supporting the need for serotonin in this control35. Overall, these observations indicate that in 
humans as well as mice, variations leading to reduced 5-HT and/or 5-HT2B receptor activity 
are associated with reduced release of DA in ventral striatum and no effects in dorsal 
striatum.  
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Apparent reduced DA tone in NAcc has been described in humans exposed to drug of 
abuse for years, addiction being associated with a decrease in DA release in the ventral 
striatum, and in blunted pleasurable responses to the drug in active and in detoxiﬁed drug 
users36-39. This was considered as an unexpected ﬁnding since it had been hypothesized that 
addiction reﬂected an enhanced sensitivity to the rewarding (and hence the DAergic) 
responses to drugs. In drug abusers, decreases in DA transmission in the ventral striatum may 
reﬂect disrupted neurophysiology within the reward circuitry favoring the development of 
incentive habits40-42. Our work bring new light to these previous observations. Long lasting 
reduced activity of the mesolimbic pathway induced by chronic inhibition or genetic ablation 
of the 5-HT2B receptor progressively leads to altered interactions and/or neuroadaptations 
(see model Fig. 8). These adaptations downstream to DA neurons are clearly suggested by a 
greater D1 agonist SKF81297-induced locomotion observed in Htr2Bí/í mice11 and Fig. S3h-
i). In this work, we established for the first time that permanently reduced HTR2B expression 
is associated with a local and 5-HT-dependent hypodopaminergy that results in increased 
cocaine behavioral responses. To sum up, the chronic 5-HT2B receptor inhibition makes mice 
behaving as animals already exposed to cocaine with higher novelty- and drug-induced 
locomotion and CPP associated with neuroadaptations following lower ventral than dorsal 
striatum activity. 
Integrating the differences in cocaine-induced DA neuron firing with the effect of the 
HTR2B stop codon leading to impulsivity, and the greater novelty seeking and impulsivity in 
Htr2Bí/í mice, we note the overlap in brain regions regulating impulse control and mediating 
the reinforcing properties of drugs and drug-associated stimuli7,43. Both impulsivity and 
vulnerability to the compulsive use of drugs may arise from common origins, which we 
propose to include variation in the 5-HT2B receptor expression. In terms of impulsive choice, 
excitotoxic lesions of the NAcc produce remarkably potent shifts in choice for small, 
immediate food reward in animals44,45. Accordingly, impulsive choice (in the delayed reward 
task at least) was associated with a reduction in DA release from rat NAcc slices46. 
Interestingly, in the same experiment, no differences in DA release were observed in the 
dorsal striatum46. This correlation between reduced level of DA release and impulsive 
behavior is strikingly parallel to what is observed in human addicts8,41,47. Additional studies 
using functional MRI to assess striatal activation during reward anticipation showed that 
adolescent tobacco smokers exhibit a smaller reward-anticipation response in the ventral 
striatum associated with greater temporal discounting and novelty seeking as compared to 
non-smoking subjects38. As suggested by Andrews et al. in a similar study on detoxiﬁed 
alcoholics39, this imbalance (blunted NAcc activation) may impair the ability to recruit 
reward pathways and may lead to drug use to compensate for the deficit, suggesting a kind of 
reward system deficit that can be predisposing for addictions.  
Our complementary findings in humans and mice provide evidence for a role of 5-
HT2B receptors in mesolimbic pathways, with a low expression allele of the human 5-HT2B 
receptor representing a source of permanent 5-HT-dependent DAergic system hypofunction 
in NAcc. This common functional deficit may represent a susceptibility factor for both 
impulsive and addictive behavior, two behaviors that have been tightly interwoven on based 
on other observations, and may explain both the impulsivity and cocaine vulnerability of 
Htr2Bí/í mice and humans carrying HTR2B haplotypes with reduced receptor expression.  
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Figure legends 
 
Fig. 1. Effects of 5-HT2B receptor inactivation on locomotion, behavioral sensitization 
and conditioned place preference in response to cocaine injection. a, b : Locomotor 
activity and behavioral sensitization were assessed in response to 15mg/kg of cocaine in 
Htr2B+/+ (white square) and Htr2Bí/í mice (black square). a : Locomotor activity after acute 
injection (1st injection) of cocaine (cocaine injection t = 0). b : Stimulant locomotor effect of 
a challenge dose of cocaine seven days later (2nd injection). Data were analyzed using two-
way ANOVA (means ± SEM, n = 12 per group): 1st injection genotype effect, F(1,23) = 6.91 p 
= 0.015, 2nd injection, F(1,21) = 5.47 p = 0.029. Bonferroni post-hoc tests were also applied to 
each graph. *P < 0.05; **P < 0.01; ***P < 0.001. c : Repeated injection of cocaine in the 
paired compartment induces conditioned place preference (CPP) in Htr2B+/+ (white) and 
Htr2Bí/í mice (black). Scores are the difference in time spent in the drug-paired compartment 
between post conditioning and pre-conditioning. Data were analyzed using unpaired t-test 
(means ± SEM, n = 8 per group): P = 0.0271. d : Representative locomotor pattern of one 
Htr2B+/+ and one Htr2Bí/í mouse in the actimeter following acute cocaine (15mg/kg) injection. 
Beam interruption were recorded during two hours. The homogenous total count for each 
beam suggest that mice of both genotype are not subjected to stereotypy under cocaine.  
 
Fig. 2. Effects of 5-HT2B receptor inhibition on locomotion, behavioral sensitization and 
conditioned place preference in response to cocaine injection. a : Locomotor activity in 
response to 15 mg/kg of cocaine in Htr2B+/+ (white square) and acutely RS127445-treated 
mice (0.5 mg/kg, black square) (cocaine injection t = 0). No difference could be detected 
upon acute antagonist treatment. b : Locomotor activity and habituation to a novel 
environment in Htr2B+/+ (white Square) and chronically RS127445-treated Htr2B+/+ mice 
(black square). Mice continuously receiving the 5-HT2B receptor antagonist RS127445 at 
1mg/kg/day via subcutaneous osmotic pumps for 4 weeks still exhibited hyperlocomotion in 
a new environment compare to control mice after 3 days. Data were analyzed using two-way 
ANOVA (means ± SEM, n = 7-17 per group): effect of chronic RS127445 on basal 
locomotion, F(1,22) = 7.33 p = 0.0129. Bonferroni post-hoc tests were also applied to each 
graph, *P < 0.05. c, d : locomotor activity and behavioral sensitization assessed in Htr2B+/+ 
and chronically RS127445-treated Htr2B+/+ mice. c: Locomotor activity after acute injection 
(1st injection) of cocaine (15mg/kg). d: The stimulant locomotor effect of a challenge dose of 
cocaine seven days later (2nd injection). Data were analyzed using two-way ANOVA (means 
± SEM, n = 12 per group); c: stronger effect of chronic RS127445 on cocaine 1st-induced 
locomotion, F(1,12) = 11.03 p = 0.006; d: stronger effect of chronic RS127445 on cocaine 2nd-
induced locomotion, F(1,13) = 14.66 p = 0.002. Bonferroni post-hoc tests were also applied to 
each graph, **P < 0.01; ***P < 0.001. e, f : Htr2Bí/í and Htr2B+/+ RS 127445 (RS)-treated 
Òmice exhibit no difference in anxiety-related behaviors. Htr2Bí/í, Htr2B+/+ and RS127445 
treated mice exhibited no significant difference in the distance travelled in center area (CA) 
of the open field (e). Htr2Bí/í mice display a significant enhanced locomotion in the 
peripheral area (PA) (e). e : Locomotor activity in the open field periphery (PA) or center 
(CA) area. Data (means ± SEM) were analyzed using unpaired t test (two tailed): n= 10 per 
group; #, Htr2Bí/í versus Htr2B+/+ mice in the PA; t = 2.458; df=20; p= 0.0232. *, Htr2B+/+ RS 
127445 treated versus Htr2Bí/í mice in the PA; t = 2.4; df=20; p= 0.02. No other significant 
differences were seen. In a specific anxiety-like behavior paradigm, the elevated plus maze 
(f), Htr2Bí/í, RS127445 treated or Htr2B+/+ mice showed no significant difference for the time 
spend in closed arms. f : time spent in the enclosed arms of an elevated plus maze for Htr2B+/+ 
RS 127445 treated and Htr2Bí/í mice. Data (means ± SEM), were analyzed (n= 10 per group) 
using unpaired t test (two tailed). No significant differences were seen. 
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Fig 3. Haplotype block structure across HTR2B in the Finnish and African-American 
population. a : The 7 SNPs that were genotyped are listed from left to right in the opposite 
direction of transcription, 3’ to 5’. SNPS: 1 = rs6736017; 2 = rs6437000, 3 = rs4973377, 4 = 
rs1549339, 5 = rs79874540, 6 = rs17586428, 7 = rs3806545. b : The numbers in the squares 
refer to the pair-wise linkage disequilibrium (LD) measured as D’. Haplotype blocks were 
defined using a setting of average pair-wise D’ within block of  0.80. Haplotype frequencies 
were calculated in 295 Finnish and 185 African-American controls. Hap. = haplotype. c : 
Diplotype based expression studies using [3H]-LY266070 binding and expressed as maximal 
binding sites (Bmax in fmoles/mg of proteins) were conducted on 62 Finnish and 18 African-
American lymphoblastoid cell lines to investigate diplotype dependent differences in protein 
expression. Bmax values were analyzed by one-way analysis of variance (ANOVA) (means ± 
SEM), right Finns (n = 5-30 per group) p < 0.0001; right African-Americans (n = 8-10 per 
group) p < 0.0001. Bonferroni post-hoc tests were also applied to each graph, ***P < 0.001; 
****P < 0.0001. 
 
Fig. 4. Effect of 5-HT2B receptor on striatum activation and monoamine release. a,b,c,d : 
As a readout of DA neurons activation, ERK1/2 phosphorylation was determined in striatum 
of Htr2B+/+ and Htr2Bí/í mice. After receiving saline injection (vehicle) or cocaine injection 
(20 mg/kg), p-ERK1/2 immuno-positive neurons were determined in the NAcc shell, NAcc 
core and dorsal striatum of Htr2B+/+ (white) and Htr2Bí/í (black) mice, respectively. Data were 
analyzed using two-way ANOVA (means ± SEM, n = 3-4 per group): b significant lowering 
effect of the genotype on the cocaine-induced p-ERK1/2 positive neurons in NAcc shell of 
Htr2Bí/í compared to Htr2B+/+, F(1,10) = 234.22 p < 0.0001; c,d strikingly, no differential effect 
of genotype on cocaine-induced p-ERK1/2 positive neurons in NAcc core or dorsal striatum 
of Htr2B+/+ compared to Htr2Bí/í. Bonferroni post-hoc tests were also applied to each graph, 
*P < 0.05; **P < 0.01; ***P < 0.001 cocaine vs. vehicle; °°°P < 0.001; n.s. = non significant 
Htr2B+/+ vs. Htr2Bí/í. Bar scales: 100 µM. e : stronger cocaine induced locomotor activity in 
Htr2Bí/í compared to Htr2B+/+ mice during the first 10 minutes. Data were analyzed using two-
way ANOVA (means ± SEM, n = 3-5 per group): effect of genotype on cocaine-induced 
locomotion, F(1,10) = 9.23 p < 0.0125. A Bonferroni post-hoc test was also applied, **P < 
0.01. f,g : NAcc 5-HT and DA extracellular concentrations assessed by microdialysis in 
awake mice after cocaine (20 mg/kg) injection (t = 0), in Htr2B+/+ (white square) and Htr2Bí/í 
(black square) mice. Data were analyzed using two-way ANOVA (means ± SEM, n = 8 per 
group): f no effect of cocaine on 5-HT level in the NAcc of Htr2B+/+ and Htr2Bí/í; g reducing 
effect of Htr2Bí/í on cocaine-induced DA levels in the NAcc, F(1,13) = 43.29 p < 0.0001. 
Bonferroni post-hoc tests were also applied to each graph, *P < 0.05; **P < 0.01; ***P < 
0.001. h, Western blot from Htr2B+/+ and Htr2Bí/í mice striatum proteins (2 example for each 
genotype) revealed using antibody against D1 receptor (arrow). Normalization (using tubulin 
antibody; arrow head) and quantification (right panel) reveal no significant difference 
between genotypes (n = 4 mice per genotype). i, Radioligand binding assays with the 
selective D1 receptor ligand [3H]SKF81197 on membranes prepared from cortex and striatum 
showing no differences between Htr2B+/+ and Htr2B-/- mice (Bmax = Htr2B+/+ cortex 18±2.7; 
Htr2Bí/í cortex 14±2.5; Htr2B+/+ striatum 211 ± 6; Htr2Bí/í striatum 223 ± 7.4 fmoles/mg of 
proteins). j, Radioligand binding assays with the selective D2 receptor ligand [3H]raclopride 
on membranes prepared from striatum showing no differences between Htr2B+/+ and Htr2B-/- 
mice (Bmax = Htr2B+/+ striatum 11.4 ± 5.6; Htr2Bí/í striatum 11.4 ± 5.7 fmoles/mg of 
proteins). k, Western blot from Htr2B+/+ and Htr2Bí/í mice striatum proteins (2 example for 
each genotype) revealed using GĮolf antibody (arrow). Normalization (tubulin antibody; 
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arrow head) and quantification (right) reveal no significant difference between genotypes (n 
= 4 mice per genotype). l, immunohistochemistry with a selective antibody directed against 
GĮolf protein on striatum slices showed no pattern differences between Htr2B+/+ and Htr2B-/- 
mice. Scale bars: 200 µM.  
 
Fig. 5. Single-cell RT-PCR on VTA and SNc dopaminergic neurons. a : RT-PCR 
products obtained from single D2-GFP-positive neurons, illustrating a negative (Neuron 3) 
and two Htr2B positive (2B) (Neuron 1 and 2) representative of n = 4 out of 10 neurons in 
VTA and n = 3 out of 11 neurons in SNc; all neurons classes express tyrosine hydroxylase 
(TH) and D2 receptors (D2). Negative RT-PCR (controls) are also represented for the three 
genes. M molecular weight marker (bp). b : left- NAcc stereotactic red-dextran injection and 
retrograde tracing in D2-EGFP mice identify DAergic neurons projecting to NAcc. Example 
of double labeled neuron in the VTA that were further analyzed by single cells RT-PCR 
(insert left); b : right- for the region that project to the dorsal striatum (DSt), we used dorsal 
striatum stereotactic red-dextran injection and retrograde tracing in D2-EGFP mice and 
identify that DAergic neurons originate from the SNc. Horizontal sections, scale bars: 200 
µM. SNR: substantia nigra reticulata. ml: medial lemniscus. c : Acute injection of cocaine 
(20 mg/kg) increased locomotor activity in adult Htr2Bfl/fl mice that had been locally 
inactivated for Htr2B by injection into VTA of AAV expressing Cre recombinase under the 
synapsin promoter (black square) compared to injection with AAV-Syn-GFP-injected mice 
(white square). Data were analyzed using two-way ANOVA (means ± SEM, n = 12-13 per 
group): first injection (1st), effect of virus, F(1.23) = 5.01 p = 0.0352. Second injection (2nd), 
effect of virus, F(1.21) = 11.67 p = 0.0026. Bonferroni post-hoc tests were also applied to each 
graph, *P < 0.05, **P < 0.01. d : Locomotor activity and habituation to a novel environment 
in Htr2Bfl/fl mice injected into VTA with AAV-Syn-GFP virus (control - white Square) and 
AAV-Syn-Cre virus (black square). Cre-injected mice exhibited hyperlocomotion in the new 
environment compare to control mice. Data were analyzed using two-way ANOVA (means ± 
SEM, n = 13-14 per group): effect of VTA AAV-Syn-Cre-injected compared to AAV-Syn-
GFP-injected Htr2Bfl/fl mice on basal locomotion, F(1,25) = 5.89 p = 0.0228. Bonferroni post-
hoc tests were also applied to each graph, *P < 0.05; **P < 0.01; ***P < 0.001.  
 
Fig. 6. In Vivo Electrophysiology: VTA dopaminergic neurons extracellular Single-Cell 
Recordings. a : Basal extracellular single unit recordings were obtained from 20 and 17 
neurons in anesthetized Htr2B+/+ (white circles) and Htr2Bí/í (black circles) mice, respectively. 
No statistically significant differences (t-test) were found in Htr2Bí/í versus Htr2B+/+ neurons, 
neither in their firing rate (p = 0.12) or spikes within a burst (% SWB) (p = 0.88). b : 
Systemic intraperitoneal injection of cocaine (20mg/kg) in Htr2B+/+ (grey line) and Htr2Bí/í 
(black line) mice produced a decrease of firing rate. On average, cocaine-induced decrease in 
firing rate was significantly stronger (t-test) in Htr2Bí/í mice (p = 0.038). The mean time 
course of firing rate responses (left) and %SWB (right) are illustrated. 
 
Fig. 7. Pain-stress induces DA release as a function of HTR2B genotype. a : Stress-
induced DA release, expressed as percent change in D2/D3 binding potential (BPND), in three 
regions of interest, is shown for HTR2B diplotype groups. Positive change represents pain-
induced decrease in BPND, which reflects DA release. Error bars indicate SEM. b : Nucleus 
accumbens, caudate nucleus, and putamen regions of interest are shown over a coronal MRI 
section in standardized space (y = 10). c : Stress-induced DA release versus HTR2B diplotype 
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group for the Nucleus accumbens, including individual level data (circles), mean (bars), and 
SEM (error bars). 
 
Fig. 8. Model of dopaminergic circuits that may contribute to altered cocaine response 
Compared to the normal situation (top), in this work, we established that a permanent lack in 
mice (bottom left) or reduced 5-HT2B receptor expression in Humans (bottom right) is 
associated with a local (VTA to NAcc) hypodopaminergy that results in stronger cocaine 
behavioral responses. Long term hypodopaminergy of the mesolimbic pathway occurring 
during chronic hypoactivity of the 5-HT2B receptor progressively leads to neuroadaptations 
resulting from reduced activity of ventral but not dorsal striatum regions, and thus, favors 
cocaine hypersensitivity. This work supports the previously postulated hypothesis that pre-
existing individual differences in dopamine transmission in the ventral striatum may facilitate 
the development of incentive habits and drug addiction in part through adaptations in the 
dorsal striatum40. Raphe serotonergic neurons are in purple.  
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Methods 
 
Reagents. Cocaine and SKF 81297 [(±)-6-chloro-7,8-dihydroxy-1-phenyl- 2,3,4,5-
tetrahydro-1H-3-benzazepine hydrobromide] (Sigma-Aldrich, Saint-Quentin Fallavier, 
France) and 2-amino-4-(4-fluoronaphth-1-yl)-6-isopropylpyrimidine (RS127445) (Tocris 
Bioscience, USA) were slowly dissolved in 0.9% (wt/vol) NaCl solution (saline). All drugs 
were administered i.p. (0.1 ml/10 g body weight). RS127445 was found to have sub-
nanomolar affinity for the 5-HT2B receptor (pKi = 9.5±0.1) and at least 1,000 fold selectivity 
for this receptor as compared to numerous other receptors and monoamine uptake sites26. 
Htr2B+/+ mice chronically treated with RS127445 continuously received the 5-HT2B antagonist 
at 1mg/kg/day via subcutaneous osmotic pumps (Alzet® model 2004) for 4 weeks. Control 
animals were implanted with pumps to infuse the RS127445 vehicle (DMSO 50%). 
 
Animal studies 
 
Animals. Htr2B-/- mice used in these experiments were made in a 129S2/SvPas (129S2) 
background. Wild type 129S2 mice (8-10 week old) used as a control group were derived 
from heterozygote crosses and were bred at our animal facility. Swiss-Webster mice carrying 
drd2-EGFP bacterial artificial chromosome transgenes were generated by the Gene 
Expression Nervous System Atlas program at Rockefeller University (New York). Groups 
were composed of 50% male and 50% female for each experiment. Behavioral tests and 
animal care were conducted in accordance with the standard ethical guidelines (National 
Institutes of Health; European Communities Directive 86/609 EEC).  
 
Generation of conditional Htr2B knockout mice. Genomic contigs of Htr2B encompassing 
exon 1 and 2 and ﬂanking sequence were obtained by screening of a 129S2 mouse genomic 
library. For the gene targeting construct, a 10 kb BamHI-XhoI fragment containing the two 
first exons was selected, while a 4 kb SacI-SacI fragment containing exon 2, which includes 
the ATG start codon and 5' UTR was used to induce the targeted deletion (Fig S2). A LoxP 
site was inserted in the 5'-UTR and a neomycine-resistance (NEO) cassette ﬂanked by two 
LoxP sites in the ClaI site of the second intron. Then, the SacI-SacI fragment comprising the 
floxed construct was excised and electroporated into 129S2 embryonic stem (ES) cells which 
were subjected to G418 selection. Targeted homologous recombination was conﬁrmed by 
PCR and Southern blot analysis. A positive ES clone was injected into C57Bl/6NCrl 
blastocysts and implanted into pseudopregnant mice. A chimeric male displaying germ-line 
transmission was then used to propagate the ﬂoxed Htr2B (Htr2Bfl/fl) allele on a C57Bl/6NCrl 
background for the two first generations. Seven back-crossing of Htr2Bfl/fl mice with 129S2 
(Htr2B+/+) mice were performed. Htr2Bfl/fl alleles were detected by PCR using the 
oligonucleotide F1: CTAACATTTTTCATCCACATCTA as forward primer located in the 5' 
UTR (position of the primers are indicated in Figure). Paired to this primer, the reverse 
primer R1: TCCCTCGAAGCTTATCGGCGCG, located in the 5' end of the second intron 
led to the ampliﬁcation of a 1 kbp product in the presence of the Htr2Bfl/fl allele, while the 
reverse primer R2: ACTTTAATTGGGACTCGCTGAT, located in the 3' side of the ClaI site 
permits ampliﬁcation of a 309 bp amplicon indicative of the Htr2B null allele.  
 
Local VTA recombination using AAV-mediated Cre expression  
Adeno-associated virus (AAV)-expressing Cre-GFP recombinase under synapsin promoter 
(UPENN) were stereotaxically injected into VTA. Htr2Bfl/fl mice were anesthetized with 
ketamine (50 mg/kg) and xylazine (2 mg/kg) and fixed in a stereotaxic apparatus. A burr hole 
was drilled above the VTA (coordinates: 3.5 mm posterior to bregma, 0.5 lateral to midline 
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and 3.5 mm deep48). Stereotaxically guided injections were made through holes in the dorsal 
surface of the cranium. Glass capillary tubes were pulled (HEKA pipette puller PIP5) and tips 
broken to 40 ȝm diameter. After 6 weeks (2 weeks recovery and 4 weeks of viral expression), 
the VTA AAV-Syn-Cre-injected Htr2Bfl/fl mice displayed increased locomotor activity in a 
novel environment as after chronic exposure to RS127445. Proper viral infection was verified 
by investigating GFP staining (Fig S1). 
 
Locomotor activity. Locomotor activity was measured in a circular corridor with four 
infrared beams placed at every 90° (Imetronic, France) as described 16. Counts were 
incremented by consecutive interruption of two adjacent beams (i.e., mice moving through 
one-quarter of the corridor). Mice were i.p. injected with a saline solution and individually 
placed in the activity box for 30 min during 3 days consecutively for habituation before all 
locomotor experiments. 
 
Locomotor sensitization. We used a two-injection protocol21 for locomotor sensitization in 
this study. Mice received a first injection of cocaine and the locomotor activity was recorded 
for one hour. Mice were then challenged seven days later with a second injection of cocaine 
(test injection) and the locomotor activity was recorded for one hour. 
 
CPP Acquisition. CPP was done in a two-compartment apparatus (Imetronic, Pessac, 
France) with different patterns on floors and walls, separated by a central neutral area16,23. 
Preconditioning phase (day 1, pretest, 18 min) was as follows: mice were placed in the 
central neutral area and allowed to explore both compartments. Mice were randomly assigned 
to the various experimental groups (unbiased protocol). Conditioning (days 2–7) was as 
follows: mice were confined to one compartment for 20 min after injection of cocaine (20 
mg/kg, i.p.) on days 2, 4, and 6, or to the other compartment after saline injection on days 3, 
5, and 7. Control mice always received saline. The conditioning test (day 8) lasted 18 min. 
Scores are expressed as the difference in time spent in the drug-paired compartment between 
post conditioning and pre-conditioning. No difference in CPP was observed upon saline 
injection in both compartments (not illustrated). 
 
Open field test. In the open field paradigm, the tendency of mice to stay on the periphery of 
the field without entering the center is often interpreted as anxious behavior, based on the 
natural aversion that rodents have to open spaces. Mice were placed in an open field area 
constituting by a 72×72×29 cm wooden box, which was painted black. On the bottom of the 
box, white lines divided the field into 25 equal squares. Sixteen squares delimited the 
peripheral area (PA), and nine the central area (CA). The bottom of the box was covered with 
urine-proof varnish. Illumination was provided by a single 40-W bulb (3000 lux) placed 2.8 
m above the centre of the field's floor. Individual animals were gently placed in the same 
corner of the apparatus in all trials. The open field tests were conducted during 9 min. At the 
end of each test, the open field was wiped clean with a slightly damp cloth. 
 
Elevated plus maze. In this paradigm, anxious mice spend more time in the closed arms 
without entering in the opened arms. The maze was elevated to a height of 50 cm with two 
open (30×8.5 cm) and two enclosed arms (30×8.5×17.5 cm), arranged so that the arms of the 
same type were opposite each other, connected by an open central area. At the beginning of 
the experiment, each mouse was placed individually in the center of the maze, facing one of 
the open arms and observed for 5 min. Different measures were recorded: Number of open-
arm entries (an arm entry was defined as all four paws inside the arm), time spent in the open 
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arms, time spent in enclosed arms, number of rearing, number of stretched attend postures, 
number of head-dipping. Test sessions were recorded using a vertically mounted video 
camera. The tapes were scored by a trained observer blind to treatment conditions. 
 
Microdialysis in freely moving mice. The microdialysis experiment was performed using 
awake mice as described16. Anesthetized animals were placed in a stereotaxic frame (D. 
Kopf, Tujunga, CA, USA) and a stainless-steel guide cannula (CMA/12, CMA Microdialysis, 
North Chelmsford, MA, USA; outer diameter 0.7 mm) was implanted in the NAcc. The 
cannula was then secured to the skull with dental cement, and the skin was sutured. Animals 
were kept in individual cages for a seven-day recovery.  
 
Tissue preparation and immunofluorescence. Ten minutes after cocaine or saline injection, 
mice were rapidly anesthetized with pentobarbital (100 mg/kg, i.p.; Sanofi-Aventis) and 
perfused transcardially with 4% (w/v) paraformaldehyde in 0.1 M sodium phosphate buffer, 
pH 7.5. Brains were postfixed overnight in the same solution and stored at 4°C. Thirty-
micrometer-thick sections were cut with a Vibratome (Leica) and stored at –20°C in a 
solution containing 30% (v/v) ethylene glycol, 30% (v/v) glycerol, and 0.1 M sodium 
phosphate buffer, until they were processed for immunofluorescence. Brain regions were 
identified using a mouse brain atlas and sections equivalent to 1.54 mm from Bregma were 
taken. Sections were processed as previously described15. Confocal microscopy and image 
analysis were performed at the Institut du Fer à Moulin Imaging Facility. Labeled images 
from each region of interest were obtained bilaterally using sequential laser-scanning 
confocal microscopy (SP2; Leica). Neuronal quantification was performed in 375 x 375 µm 
images by counting nuclear/cytoplasm Cy3 immunofluorescence (for pERK1/2). Cell counts 
were performed by an observer unaware of the treatment received by the mice.  
 
Single-cell RT-PCR. For single-cell RT-PCR experiments, 1-2 week-old D2-EGFP mice 
were used to direct EGFP protein expression to D2 receptor expressing neurons. Mice were 
anesthetized and decapitated, and the brain was rapidly dissected out. Horizontal slices (250-
µm thick) were prepared using a vibratome, in artificial cerebral spinal fluid aCSF 
supplemented with sucrose. After a 1-h recovery period, individual slices were placed in an 
electrophysiology chamber continuously perfused with aCSF bubbled with Carbogen and 
maintain at 22 °C. Neurons were visualized using an Olympus BX51WI upright microscope 
holding x5 and x40 objectives, a fluorescent lamp, and infrared, red, and green fluorescence 
filters. The methodology involving harvesting of cytoplasmic content and subsequent single 
cell PCR amplification has been described elsewhere49. Briefly, borosilicate glass pipettes (3-
5 Mȍ) were made in a HEKA PIP5 puller and filled with 8 ȝl of autoclaved RT-PCR internal 
solution (in mM): 144 K-gluconate; 3 MgCl2; 0.5 EGTA; 10 HEPES, pH 7.2 (285/295 
mOsm). Single dopaminergic neurons in the VTA and SNc were approached with a pipette 
and after a whole-cell connection was established, cytoplasmic content of the cell was 
harvested by applying gentle negative pressure to the pipette. Cell content was expelled into a 
tube where a reverse transcription (RT) reaction was performed in a final volume of 10 ȝl. 
Target cDNA sequences were thereafter amplified by conducting a multiplex nested PCR, 
designed to simultaneously detect the enzyme tryrosine hydroxylase (TH), D2 receptor and 5-
HT2B receptors. The following primers used were: TH, external sense 
CTGGCCTTCCGTGTGTTTCAGTG, external anti-sense 
CCGGCTGGTAGGTTTGATCTTGG, internal sense AGTGCACACAGTACATCCGTCAT 
and internal anti-sense GCTGGTAGGTTTGATCTTGGTA; D2 receptor external sense 
GCAGCCGAGCTTTCAGAGCC, external anti-sense CCTGCGGCTCATCGTCTTAAG, 
internal sense AGAGCCAACCTGAAGACACCAC and internal anti-sense 
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CTTAAGGGAGGTCCGGGTTTTG; 5-HT2B external sense 
CACTGGAGAAAAGGCTGCAGTA, external anti-sense 
TTGCACTGATTGGCCTGAATTG, internal sense GGCTATATGGCCCCTCCCAC and 
internal anti-sense GGTCCAGGGAAATGGCACAG. 
Initially, all three genes were simultaneously amplified in a single tube using 10 ȝl of cDNA, 
200 nM of each primer and 2.5 U of Taq polymerase in a final volume of 100 ȝl. The PCR 
reaction was carried out using a 6-min hot start at 94°C, followed by a 21-cycle program 
(94°C for 30 s, 60°C for 30 s and 72°C for 30 sec). Subsequently, 2 ȝl of the amplified cDNA 
was used as the template for the second amplification step. Here, each gene was individually 
amplified in a separate tube, and a 35-cycles program using the same cycling conditions as 
mentioned above, in a final volume of 100 ȝl. The products of the second PCR were analyzed 
by electrophoresis in 2.5% agarose gels using ethidium bromide. The sizes of the PCR-
generated fragments were as predicted by the mRNA sequences and were further verified by 
direct sequencing of the final products. 
 
In Vivo Electrophysiology: Extracellular Single-Cell Recordings. Mice were anesthetized 
with chloral hydrate, 400 mg/kg i.p., supplemented as required to maintain optimal anesthesia 
throughout the experiment, and were positioned in a stereotaxic frame (David Kopf). Body 
temperature was kept at 37 °C by means of a thermostatically controlled heating blanket. 
Procedures for DA cell electrophysiological recording were described previously29. After a 
baseline recording of 15–30 min, 10 ȝL cocaine (in 0.9% NaCl) was injected i.p.. An incision 
was made in the midline to expose the skull. A burr hole was drilled above the VTA 
(coordinates: between 3.5 6 0.3 mm posterior to bregma and 0.5 6 0.3 mm lateral to 
midline48). Recording electrodes were pulled with a Narishige electrode puller from 
borosilicate glass capillaries with outer and inner diameters of 1.50 and 1.17 mm, 
respectively (Harvard Apparatus Ltd.). The tips were broken under microscope control and 
ﬁlled with 2% Pontamine sky blue dye in 0.5% Na-acetate. These electrodes had tip 
diameters of 1–2 mm and impedances of 4–8 MU. They were lowered through the burr hole 
with a micro drive, and a reference electrode was placed in the subcutaneous tissue. Electrical 
signals were ampliﬁed by a high-impedance ampliﬁer (Axon Instruments) and monitored 
visually with an oscilloscope (Tektronix TDS 2002) and audibly through an audio monitor 
(A.M. Systems Inc.). When a single unit was well isolated, the oscilloscope sweep was 
triggered from the rising phase of the action potential and set sufficiently fast to display the 
action potential over the entire screen (usually 0.5 ms per unit). Such continuous observation 
of the expanded action potential provided assurance that the same single unit was being 
monitored throughout the experiment. The unit activity digitized at 25 KHz was stored in 
Spike2 program (Cambridge Electronic Design, CED, United Kingdom).  
 Firing Pattern Quantification. DA cell firing in vivo was analyzed with respect to 
the average firing rate and the percentage of spikes within a burst (the number of spikes 
within burst divided by total number of spikes in a given window of 1-min duration; %SWB). 
Spontaneous firing rate and %SWB analysis. DA cell firing in vivo was analyzed with 
respect to the average firing rate and the %SWB. Neuron basal activity was defined on the 
basis of at least 4 min or 500 spikes. The distribution of the mean firing rate conforms to a 
normal distribution, but the distribution of %SWB does not. Thus, a two-sample t test was 
used to compare mean firing rate in two populations, and a nonparametric Wilcoxon rank 
sum test was used for %SWB. The electrophysiological characteristics of ventral tegmental 
area (VTA) neurons were analyzed in the active cells encountered by systematically passing 
the microelectrode in a stereotaxically deﬁned block of brain tissue including the VTA. Its 
margins ranged from 2.92–3.88 mm posterior to bregma, 0.24–0.96 mm mediolateral with 
respect to the bregma point, and 3.5–4.5 mm ventral to the cortical surface, according to the 
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coordinates of Paxinos and Franklin48. Sampling was initiated on the right side and then on 
the left side. Each electrode descent was spaced 100 mm from the others.  
 DA cell identification. Extracellular identification of DA neurons was based on their 
location as well as on the set of unique electrophysiological properties that characterize these 
cells in vivo: (i) a typical triphasic action potential with a marked negative deflection; (ii) a 
characteristic long-duration (>2.0 ms) action potential; (iii) an action potential width from 
start to negative of >1.1 ms; (iv) a slow firing rate ( < 10 Hz) with an irregular single spiking 
pattern and occasional short, slow bursting activity. These electrophysiological properties 
distinguish DA from non-DA neurons. Upon completion of the experiment, a negative 
current of 5 ȝA was applied to the electrode to mark the recording site. The mouse was killed 
with an overdose of anesthetic. The brain was removed and placed in a 10% 
paraformaldehyde/25% sucrose solution. VTA sections of 50 ȝm were cut and stained with 
Neutral Red (Sigma), and the recording sites were verified by light microscopy. We also 
added two criteria: (i) that the recording be stable (i.e., the absence of cell perturbation 
following our saline solution injection); and (ii) that the recorded cells be more than 4,000 
ȝm from the surface of the brain. These parameters have been used classically to identify 
dopaminergic cells.  
 Electrophysiological response to cocaine. The firing rate and % of spike within 
burst (SWB) were evaluated using a 60-s moving window and a 15-s time step. Each cell’s 
activity was rescaled by its baseline value averaged during the 2.5-min period before cocaine 
injection. For firing frequency, rescaling was defined using x*100/xb with xb being the 
baseline firing frequency. For bursting parameters (% SWB), we used the difference from the 
value during baseline. The results are presented as mean ± SEM. The effect of cocaine was 
tested by comparing the maximum observed during baseline and after cocaine injection. For 
each neuron we determined xav, the maximum of the fluctuations before cocaine injections 
(during the 2.5-min period used as baseline); xav = max(x)av í mean(x) av, and xap is the 
maximum after cocaine injection (during the 2.5-min period after cocaine injection). We used 
a paired nonparametric Wilcoxon test (Wilcoxon signed rank test) to compare xav and xap 
for firing frequency and % SWB. Nonpaired Wilcoxon tests were used to compare xap í xav 
for firing frequency and % SWB in two populations. 
 
Immunoblot analysis. Wild-type and mutant mice (2-month-old, age-matched) were killed 
by decapitation and their brains were immediately dissected out from the skull and frozen on 
dry ice. Microdiscs of tissue were punched out from frozen slices (500-µm thick) within the 
striatum using a stainless steel cylinder (1.4 mm diameter). Samples were homogenized in 
1% SDS, equalized for their protein content and analyzed by western blot. The antibody 
dilutions were 1/1000 and 1/500 for antibodies against Golf and D1 receptor, respectively. 
Antibodies for Golf and D1 receptor were from our laboratory50. Antibodies were revealed by 
Fluoprobes 682 goat anti-rabbit or mouse IgG (Interchim, Montluçon, France) at a 1:5000 
dilution. The fluorescent immunocomplexes were detected with Odyssey (LI-COR 
Biosciences, Lincoln, Nebraska). Quantification was carried out by measuring the average 
intensity in regions of interest using the Odyssey software and data were analyzed with the 
Prism 3.02 software (GraphPad Software, San Diego, CA). 
 
Retrograde tracing of VTA or SNc neurons. D2-EGFP mice were anesthetized with 
ketamine (50 mg/kg) and xylazine (2 mg/kg) and fixed in a stereotaxic apparatus. 
Stereotaxically guided injections were made through holes in the dorsal surface of the 
cranium. Glass capillary tubes were pulled (HEKA pipette puller PIP5) and tips broken to 40 
ȝm diameter. Capillaries were filled with Dextran Alexa Fluor 568 (Invitrogen). Pressure 
injections of tracer (0.1µl for 10min) were targeted to the NAcc (80nl) or dorsal striatum 
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(200nl) for VTA or SNc neurons labeling, respectively. Micropipettes were left in place 10 
min before removal to minimize leakage. The stereotaxic coordinates used for these 
injections were obtained from the atlas48 adapted and checked in pilot experiments for P15 
mice (NAcc AP +1, ML +0.6, DV -3.5; Dst AP +1, ML +1.5, DV -2 both to bregma and dura 
surface, respectively. After a 10 days survival, the animals were proceed for the single cell 
PCR experiment. 
 
Binding assays. Mice were decapitated and brain regions, including the prefrontal cortex and 
striatum, were dissected on ice and homogenized with 25 ml of ice cold buffer containing 
50mM Tris, 5mM MgCl2, pH 7.4. Homogenates were centrifuged for 20min at 15 000x g. 
The pellet was resuspended and centrifuged under the same condition three times. To the 
final suspension (0.2-0.6 mg/ml) was added for one hour, [3H]raclopride (81.3Ci/mmol; 
Perkin Elmer; USA) or [3H]SCH23390 (85.6Ci/mmol; Perkin Elmer; USA) (2 nM) for D2 
and D1 receptors binding, respectively. The process was terminated by immersing the tubes 
in ice cold buffer followed by rapid filtration through Whatman GF/B filters. Radioactivity 
was measured using liquid scintillation counting. Binding data were analyzed using the 
iterative non-linear fitting software GraphPad Prism 4.0 to estimate dissociation constants 
(KD) and maximum number of sites (Bmax). 
 
Statistics. Microdialysis data were analyzed by two-way ANOVA repeated measures with 
gene or drug treatment and time as factors. Behavioral and biochemical assays were analyzed 
by two-way analysis of variance (ANOVA) with treatment and genotype as main factors. t-
test or Bonferroni test were used for post-hoc comparisons depending on the experiment. P < 
0.05 was predetermined as the threshold for statistical significance. 
 
 
Human studies 
 
HTR2B variation and cocaine dependence 
 
Participants. The total sample consisted of 707 African-American substance dependent 
subjects (72 women and 635 men) recruited from the Substance Abuse Treatment Program at 
the Department of Veteran Affairs, New Jersey Healthcare System (VANJHCS). Inclusion 
criteria included that patients were 18 years of age, met DSM-IV criteria for substance 
abuse, self-identification as African American and were abstinent for at least 2 weeks. 
Exclusion criteria included mental retardation, dementia and acute psychosis. Patients were 
interviewed by a psychiatrist with the Structured Clinical Interview for DSM-IV (SCID) to 
determine lifetime substance dependence diagnoses. 763 African-American controls (453 
women and 308 men) were recruited from churches and a blood bank in Newark, NJ, and 
among insulin-dependent diabetic outpatients seen at the ophthalmology clinic at the 
University of Medicine and Dentistry, New Jersey Medical School (UMDNJ), Newark, NJ. 
All participants gave written informed consent to the study that was approved by the 
institutional review boards of the VANJHCS and UMDNJ. Genomic DNA was isolated from 
blood of 871 (317 females and 554 males) participants using standard protocols. We studied 
only male cocaine addicts (N = 225) and male controls (N = 185) due to the significant 
difference in the female/male ratio between cases and controls (Ȥ2 = 399.7, p < 0.0001). Of 
the cocaine addicts, 39% were alcoholic, 17% were heroin dependent and 20% were 
dependent on both alcohol and cocaine. Mean (SD) ages of cocaine addicts (45±57.3) and 
controls (33±9.8) differed significantly. 
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Genotyping. A genomic region containing sequence 5 kb upstream and 1 kb downstream of 
HTR2B was retrieved from NCBI Human Build 35.1. Haplotype tagging SNPs were identified 
using a previously described design pipeline. Six HTR2B SNPs (rs6736017, rs6437000, 
rs4973377, rs1549339, rs17586428, rs3806545) and 186 ancestry informative markers were 
genotyped in the African American samples using the Illumina GoldenGate platform11. 
Genotype accuracy was determined empirically by duplicate genotyping of 25% of the 
samples selected randomly. The error rate was < 0.005 and the genotyping completion rate 
was > 0.95. All SNPs in both samples were in Hardy-Weinberg equilibrium (p > 0.2) with the 
exception of rs3806545 (p < 0.05) in the African American sample, which was subsequently 
excluded from all analyses. Rs4973377 had a minor allele frequency < 0.05 in the African 
American sample and was therefore excluded. The frequencies and base changes for the 4 
remaining SNPs in the African American sample are shown in Table S3. In this sample of 
African-Americans, the mean African factor score was 0.77 (median = 0.81) and the mean 
European factor score was 0.09 (median value = 0.04). Both a Mid East factor and an Asian 
factor had an average score of 0.06 (median 0.04). 
 
Statistical analyses. In the African-American sample the four SNPs (rs6736017, rs6437000, 
rs1549339, rs17586428) which span 16 kb of the HTR2B gene were in strong linkage 
disequilibrium (LD) (Table S3). Haplotype and diplotype frequencies were estimated using a 
Bayesian approach implemented with PHASE. Haploview version 4.1 (Whitehead Institute 
for Biomedical Research, USA) was used to produce LD matrices. Since rare and uncommon 
haplotypes are subject to estimation errors because of increased sampling variance, only 
haplotypes with a frequency of > 0.05 were included in the analyses. A logistic regression 
analysis was conducted with the DSM-IV diagnosis of cocaine dependence as the dependent 
variable and HTR2B diplotypes and European ethnic factor scores as the independent variable 
(Table S1, S2). In this analysis of African-Americans with differing amounts of European 
admixture, ancestry scores generated using a panel of ancestry informative markers11 did not 
have a significant effect in the logistic regression and were therefore not included in further 
analyses. Secondary analyses included associations between HTR2B haplotypes and single 
SNPs with cocaine dependence (Table S3, S4). Statistical analyses were undertaken using 
JMP 8 software. 
 
5-HT2B radioligand binding assay. 5-HT2B receptor expression were analyzed by binding 
studies on lymphoblastoid cells with a selective tritiated antagonist of the 5-HT2B receptor 
([3H]LY266070)15 with increasing concentration of RS127445 (another highly selective 
antagonist). Kd and Bmax were calculated using Graphpad Prism software. Bmax values 
were analyzed by one-way analysis of variance (ANOVA). Bonferroni test were used for 
post-hoc comparisons. P < 0.05 was predetermined as the threshold for statistical 
significance. 
 
 
HTR2B and stress-induced dopamine release 
 
Subjects. Fifty-four healthy, right-handed adults (60% female; mean age, 27 yr; standard 
deviation, 5 yr; range, 19–40 yr) completed PET and provided blood for genetic analyses. As 
described previously31, participants had no personal history of major medical illness or 
psychiatric disorder, including substance use disorders. They were not taking exogenous 
hormones or medications with central nervous system activity, and they were instructed to 
abstain from all psychoactive substances for 24 hours prior to the study. Written informed 
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consent was obtained and all procedures were approved by the Institutional Review Board 
and Radioactive Drug Research Committee at the University of Michigan. 
 
Positron emission tomography. Striatal D2/D3 receptor availability was quantified with PET 
and the displaceable radiotracer [11C] raclopride, as described previously31. In brief, 
[11C]raclopride was synthesized at high specific activity (>2000 Ci/mmol) by reaction of O-
desmethyl-raclopride with [11C]methyl-triflate. Fifty percent of the radiotracer dose was 
administered as a bolus and the remainder as a continuous infusion to more rapidly achieve 
steady-state tracer levels (total mean ± SD administered, 15.0 ± 2.2 mCi). Under these 
conditions, equilibrium across kinetic compartments is achieved after approximately 35 
minutes. PET scans were acquired with a Siemens HR+ scanner (Knoxville, TN) in 3-D 
mode, with a reconstructed full-width-at-half-maximum resolution of 5.5 mm in-plane and 
5.0 mm axially. Twenty-eight image frames of increasing duration were acquired over 90 
minutes. 
 
Stress challenge. The stress challenge consisted of moderate, sustained, muscular pain, as 
described previously31,32. Hypertonic saline (5%) was infused into the left masseter muscle to 
maintain a steady level of pain for 20 minutes beginning 45 minutes after radiotracer 
administration. Participants rate pain intensity every 15 seconds from 0 (no pain) to 100 
(most intense pain imaginable) using a visual analog scale, and a computer controller 
adjusted the infusion to maintain the pain near a target of 40 visual analog units. Pain 
sensitivity was calculated as the average visual analog intensity rating divided by the total 
volume of infused hypertonic saline. Immediately after the pain challenge, participants 
completed the McGill Pain Questionnaire (MPQ), which reflects an individual’s overall 
subjective experience, as measured by weighted pain descriptors. They also reported 
subjective emotional state on the Positive and Negative Affect Schedule (PANAS) before and 
after the challenge. There were no significant gene effects on visual-analog-scale pain 
ratings, pain sensitivity, MPQ total score, MPQ present pain intensity, PANAS positive affect 
scale, or PANAS negative affect scale, after controlling for sex, age, and ancestry (p = 0.08 to 
0.77, general linear model). These results indicated that the stress challenge elicited a similar 
sensory and emotional experience between genotype groups.  
 Dynamic image data were transformed voxel-wise into two sets of images: a tracer 
transport measure (K1 ratio) and a receptor-related measure, the non-displaceable binding 
potential (BPND) relative to a cerebellar reference region. BPND measures were calculated for 
the period before pain (35-45 minutes after tracer infusion) and during and immediately after 
pain (60–80 minutes). Reduction in BPND during the pain-stress challenge reflects release of 
dopamine and competition between radiotracer and endogenous ligand 
. Images were spatially normalized to standardized space (Montreal Neurological Institute, 
MNI). Mean BPND values were extracted from regions of interest using the MarsBaR 
toolbox32. Nucleus accumbens regions were defined by two spheres of 5-mm radius centered 
at MNI coordinates ±10, 10, í10. Caudate and putamen regions were based on the Talairach 
atlas as implemented in the Wake Forest University PickAtlas Toolbox32. 
 
Genetics. DNA was extracted from whole blood and genotyped using an Illumina 
GoldenGate platform11. Five HTR2B SNP markers were genotyped in 54 subjects. Ten 
subjects were excluded from analysis because they carried diplotypes with a frequency < 0.05 
and for two subjects, genotyping of at least one SNP failed. The remaining 42 participants 
were classified into one of four common diplotypes (H1/H1, n = 13; H2/H1, n = 14; H1/H3, n 
= 9; H2/H3, n = 6) and were included in the analysis.  
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 To control for population stratification, samples were genotyped for 186 ancestry 
informative markers (AIMs) using an Illumina GoldenGate assay as described previously11. 
Factor analysis resulted in a seven-factor solution which yielded ethnic factor scores for each 
individual. In our sample, the mean (median) ancestry factor scores were: Europe, 0.67 
(0.94); Africa, 0.14 (0.001); Asia, 0.10 (0.02); Middle East, 0.06 (0.02); East Asia, 0.02 
(0.003); America, 0.008 (0.003); Oceania, 0.004 (0.002). Because factor scores were 
correlated and the sample was predominantly Caucasian, the Europe factor score was 
included as a covariate in all analyses to account for ancestral variability in allele frequency. 
 Group differences suggested that dopamine release in NAcc followed the rank order 
H3 > H1 > H2. Based on that rank order, we tested in the larger sample of 52 subjects a 
simple, additive, allele-dosage predictor variable: x = 2 nH3 + 1 nH1 + 0 n0 , where nH3 is the 
number of H3 alleles, nH1 is the number of H1 alleles, and n0 is the number of H2 or other 
alleles carried. This predictor variable accounted for 23%, 11%, and 17% of the variance in 
dopamine release in the nucleus accumbens, caudate, and putamen, respectively (p = 0.0002 
to 0.016, Pearson correlations).  
 
Statistical analysis. To test our primary hypothesis that HTR2B haplotype affects 
dopaminergic function, we used a multivariate repeated-measures general linear model 
(PASW Statistics 18.0, Chicago, IL) (Table S5). The dependent variables were BPND 
(average of left and right) in each of the three regions of interest (nucleus accumbens, caudate 
nucleus, and putamen) before and after pain (Table S6). Pain condition was the within-
subject factor. Diplotype group (H1/H1, H1/H2, H1/H3, H2/H3) was the between-subjects 
factor. Sex, age, and AIMs Europe factor score were included as covariates (Table S7). 
 Psychophysical measures of pain and emotion were also analyzed with a general 
linear model. As for the PET analysis, diplotype group was the between-subjects factor, and 
sex, age, and AIMs Europe factor score were included as covariates. Highly skewed 
measures (pain sensitivity, PANAS Negative subscale) were transformed to normal scores 
prior to analysis (Blom proportion estimation, PASW Statistics 18.0). 
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Fig. S1. Controls of 
injection sites for 
retrograde tracing 
and of vial infection 
experiments 
assessed by confocal 
microscopy. a, b: 
Injection sites for 
retrograde tracing 
experiments using 
fluorescently red 
labeled latex beads. 
Glass Capillaries 
were filled with 
Dextran Alexa Fluor 
568 (Invitrogen). 
Pressure injections of 
tracer were targeted 
to the NAcc a, or 
dorsal striatum b, for 
VTA or SNc neurons 
labeling, 
respectively. The 
stereotaxic 
coordinates used for 
these injections were 
NAcc AP +1, ML 
+0.6, DV -3.5; Dst 
AP +1, ML +1.5, DV 
-2 both to bregma 
and dura surface, 
respectively. 
Horizontal sections, 
stars indicate the 
NAcc core nucleus. 
Dst: dorsal striatum; 
f: fornix; cc: corpus 
callosum; LSD: 
lateral septal nucleus dorsal. c, d, e : GFP localization revealing the extent of AAV2.9-Syn-
EGFP-Cre infection and the proper expression of the EGFP-Cre in coronal section of VTA of 
Htr2B
fl/fl
 mice at three different magnifications. c EGFP staining revealing Cre expression 
(fusion protein EGFP-Cre); d Tyrosine hydroxylase (TH) antibody staining of the same 
section localizing the DA neurons; e merge of the two staining showing colocalization 
(arrows), some cells being only EGFP positive (arrowhead) or only TH positive (stars). SNR: 
substantia nigra reticulata. ml: medial lemniscus, SNC: substantia nigra compacta, a, b scale 
bars: 600 µM; c, d, e top scale bars: 500 µM, middle scale bars: 200 µM, bottom scale bars: 
25 µM. 
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Fig. S2. Generation and genotyping of Htr2B 
fl/fl
 and null mutants. Top: Htr2B locus 
indicating the positions of restriction sites used for these targeting constructs. Middle: 
targeting vector designed to floxed exon 2 by homologous recombination in genomic DNA 
generating the targeted locus (middle). Exons 1– 2 are depicted by white (untranslated) and 
black boxes (coding) and Neomycin resistance by grey box. Bottom: sequenced-verified 
structure of the Htr2B null allele (KO) after excision by Cre recombinase of the sequence 
flanked by LoxP sites (triangles). Horizontal arrows illustrate the position of primers used for 
genotyping.  
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Fig. S3. Effect of Htr2B 
genetic ablation on 
locomotion and behavioral 
sensitization to single and 
repeated amphetamine 
injection or D1 agonist. 
Locomotor activity and 
behavioral sensitization in 
Htr2B
+/+
 (white square) and 
Htr2B
−/−
 mice (black 
square). a, c : acute 
injection (1
st
 injection) of 
D-amphetamine (1 mg/kg or 
3mg/kg) increases 
locomotor activity in 
Htr2B
+/+
 and Htr2B
−/−
 mice. 
b, d : the stimulant effect of 
a challenge dose of D-
amphetamine seven days 
later (2
nd
 injection) was 
significantly enhanced 
compared to the first 
injection in Htr2B
+/+
. Data 
were analyzed using two-
way ANOVA (means ± 
SEM, n = 16-14 per group): 
a genotype effect, F(1,30) = 
11,63 p = 0,0019; b 
genotype effect, F(1,30) = 
15,38 p = 0,0005. c 
genotype effect, F(1,26) = 
28,42 p < 0,0001; d genotype effect, F(1,26) = 2,47 p = 0,1285. e-g: locomotor activity in 
Htr2B
+/+
 (e) and Htr2B
−/−
 mice (f) following daily repeated (day 1-5) D-amphetamine injection 
(2mg/kg) and a challenge dose of D-amphetamine ten days later (day 15). g: locomotor 
activity following D-amphetamine injection in Htr2B
+/+
 (white square) and Htr2B
−/−
 mice 
(black square) on day 1 to 5 and 15 (sum of ¼ turns per 90min). Increasing locomotor 
activity was observed following daily injection for both genotypes. The challenge dose ten 
days later (day 15) has no further effect compared to day 5 in both genotypes. However, D-
amphetamine-induced locomotion in Htr2B
−/−
 mice was significantly enhanced compared to 
Htr2B
+/+
 mice. Data were analyzed using two-way ANOVA (means ± SEM, n = 6-8 per 
group): g genotype effect on daily D-amphetamine F(1,12) = 5.00 p = 0.045. Bonferroni post-
hoc tests were also applied, *P < 0.05. h, acute injection (1
st
 injection) of D1 agonist SKF 
81297 (2mg/kg) increases locomotor activity in Htr2B
+/+
 and Htr2B
−/−
 mice. i, the stimulant 
effect of a challenge dose of SKF 81297 seven days later (2
nd
 injection) was significantly 
enhanced compared to the first injection in Htr2B
+/+
 and Htr2B
−/−
 mice. However, SKF 81297-
induced locomotion in Htr2B
−/−
 mice was significantly enhanced compared to Htr2B
+/+
 mice. 
Data were analyzed using two-way ANOVA (means ± SEM, n = 8 per group): h genotype 
effect, F(1,14) = 12.19 p = 0.0036. i genotype effect, F(1,14) = 10.35 p = 0.0062. Bonferroni 
post-hoc tests were also applied to each graph, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
Doly  p4 
 
Table S1. Influence of HTR2B diplotypes on cocaine dependence. 
 
 
 
 
 
 
 
 
 
 
Whole model Χ
2
 = 17.3, d.f. = 8, p value = 0.027, r
2
 = 0.04. N = 323. 
 
 
 
 
Table S2. HTR2B diplotypes in African-Americans. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diplotypes with > 0.05 frequency in the total sample were included in the analyses. The 
relative frequency of each diplotype in cases with diagnosis of cocaine dependence (N = 182) 
and controls (N = 141) is listed. Total N = 323. The frequency of the h2,h7 diplotype in 
controls is too low for further statistical analyses. 
Parameters L-R test Χ
2
 d.f P value 
HTR2B 
diplotypes 
17.2 7 0.0164 
European 
Factor Score 
0.11 1 0.74 
Diplotypes Freq. 
controls 
Freq. 
cases 
H2,H2 0.10 0.11 
H2,H4 0.24 0.24 
H2,H1 0.11 0.14 
H2,H7 0.02 0.09 
H4,H4 0.22 0.08 
H4,H1 0.12 0.12 
H4,H7 0.09 0.14 
H4,H8 0.09 0.08 
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Table S3. Association of HTR2B haplotypes with cocaine dependence in African 
Americans 
 
Haplotypes with > 0.05 frequency in the total sample were included in the analyses. The 
relative frequency of each haplotype within the group of 5 haplotypes (H1, H2, H4, H7, H8) 
is listed. The frequencies and base changes for the SNPs in the African American sample are 
shown in Table S3. Total N = 394 male subjects, 176 controls and 218 cases. 
 
 
Table S4. The association of HTR2B SNPs with cocaine dependence in African-
Americans 
 
Total N = 377, 171 male controls and 206 male cases.  
 Haplotypes   
 rs6736017 rs6437000 rs1549339 rs17586428 
Freq. 
controls 
Freq. 
cases 
H1 1 2 2 1 0.17 0.17 
H2 1 1 1 1 0.25 0.31 
H4 1 1 1 2 0.40 0.32 
H7 2 1 2 1 0.09 0.11 
H8 1 1 2 1 0.09 0.09 
SNPs Base 
variation 
Frequencies 
cases 
Frequencies 
controls 
χ2 2df p val 
 Alleles 1-
2 
11 12 22 11 12 22  
rs6736017 T-C 0.78 0.21 0.01 0.85 0.14 0.01 7.4 0.02 
rs6437000 A-C 0.68 0.29 0.03 0.66 0.30 0.04 0.7 0.69 
rs1549339 A-G 0.36 0.55 0.09 0.46 0.38 0.16 21.9  < 0.0001 
rs17586428 A-G 0.43 0.50 0.07 0.38 0.45 0.17 19.3  < 0.0001 
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Table S5. Multivariate repeated-measure GLM (initial hypothesis test) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Sex .452 4.972 3, 33 .006 
Age .955 10.501 3, 33 .0001 
AIM .077 .848 3, 33 .477 
HTR2B 
group 
.148 .521 9, 95 .856 
Within-Subject Effects 
Pain .035 .381 3, 33 .768 
Pain*Sex .134 1.473 3, 33 .240 
Pain*Age .085 .937 3, 33 .434 
Pain*AIM .165 1.811 3, 33 .164 
Pain*HTR2B .579 2.038 9, 95 .043 
 
Multivariate repeated-measure general linear model (initial hypothesis test) with pain as the 
dependent variable and HTR2B diplotypes, the ancestry informative markers (AIMs), and the 
age as independent variables. 
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Table S6. Univariate GLM with post hoc tests of dopamine release (% change in BPND), 
by region 
a. Nucleus accumbens 
 F df P  
Corrected model 2.328 6, 35 .054  
Sex 2.641 1, 35 .113  
Age .031 1, 35 .861  
AIM .239 1, 35 .628  
HTR2B group 2.262 3, 35 .098  
Pairwise comparisons Mean Diff Std Error P unadjusted) P (Bonferroni) 
H1/H1 vs H1/H2 2.308 3.053 .455 1.0 
H1/H1 vs H1/H3 -5.747 3.411 .101 .605 
H1/H1 vs H2/H3 3.552 3.797 .356 1.0 
H1/H2 vs H1/H3 -8.055 3.585 .031 .186 
H1/H2 vs H2/H3 1.244 3.926 .753 1.0 
H1/H3 vs H2/H3 9.299 4.132 .031 .185 
b. Caudate 
 F df P  
Corrected model 1.156 6, 35 .352  
Sex .508 1, 35 .481  
Age 1.113 1, 35 .299  
AIM .063 1, 35 .804  
HTR2B group 1.116 3, 35 .356  
Pairwise comparisons Mean Diff Std Error P (unadjusted) P (Bonferroni) 
H1/H1 vs H1/H2 -.927 2.087 .660 1.0 
H1/H1 vs H1/H3 -3.052 2.331 .199 1.0 
H1/H1 vs H2/H3 1.869 2.596 .476 1.0 
H1/H2 vs H1/H3 -2.125 2.450 .392 1.0 
H1/H2 vs H2/H3 2.796 2.683 .304 1.0 
H1/H3 vs H2/H3 4.921 2.825 .090 .542 
c. Putamen 
 F df P  
Corrected model 1.836 6, 35 .120  
Sex .338 1, 35 .565  
Age 1.859 1, 35 .181  
AIM .795 1, 35 .379  
HTR2B group 2.051 3, 35 .125  
Pairwise comparisons Mean Diff Std Error P(unadjusted) P (Bonferroni) 
H1/H1 vs H1/H2 .558 1.794 .758 1.0 
H1/H1 vs H1/H3 -3.911 2.004 .059 .354 
H1/H1 vs H2/H3 1.137 2.231 .614 1.0 
H1/H2 vs H1/H3 -4.469 2.106 .041 .246 
H1/H2 vs H2/H3 .579 2.306 .803 1.0 
H1/H3 vs H2/H3 5.048 2.428 .045 .270 
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Table S7. Multivariate GLM, by subgroup 
a. Women only (n = 25) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Age 1.039 5.888 3, 17 .006 
AIM .100 .566 3, 17 .645 
HTR2B 
group 
.237 .412 9, 47 .922 
Within-Subject Effects 
Pain 1.392 7.889 3, 17 .002 
Pain*Age 1.373 7.779 3, 17 .002 
Pain*AIM .604 3.424 3, 17 .041 
Pain*HTR2B 2.092 3.641 9, 47 .002 
b. Men only (n = 17) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Age .543 1.630 3, 9 .250 
AIM .181 .543 3, 9 .665 
HTR2B 
group 
.865 .737 9, 23 .672 
Within-Subject Effects 
Pain 3.102 9.305 3, 9 .004 
Pain*Age 2.935 8.805 3, 9 .005 
Pain*AIM 1.354 4.062 3, 9 .044 
Pain*HTR2B 4.435 3.778 9, 23 .005 
c. Caucasians only (n = 33) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Sex .313 2.610 3, 25 .074 
Age .995 8.292 3, 25 .001 
HTR2B 
group 
.176 .463 9, 71 .895 
Within-Subject Effects 
Pain .155 1.295 3, 25 .298 
Pain*Sex .127 1.056 3, 25 .385 
Pain*Age .114 .951 3, 25 .431 
Pain*HTR2B .886 2.329 9, 71 .023 
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Fig. S1. Controls of 
injection sites for 
retrograde tracing 
and of vial infection 
experiments 
assessed by confocal 
microscopy. a, b: 
Injection sites for 
retrograde tracing 
experiments using 
fluorescently red 
labeled latex beads. 
Glass Capillaries 
were filled with 
Dextran Alexa Fluor 
568 (Invitrogen). 
Pressure injections of 
tracer were targeted 
to the NAcc a, or 
dorsal striatum b, for 
VTA or SNc neurons 
labeling, 
respectively. The 
stereotaxic 
coordinates used for 
these injections were 
NAcc AP +1, ML 
+0.6, DV -3.5; Dst 
AP +1, ML +1.5, DV 
-2 both to bregma 
and dura surface, 
respectively. 
Horizontal sections, 
stars indicate the 
NAcc core nucleus. 
Dst: dorsal striatum; 
f: fornix; cc: corpus 
callosum; LSD: 
lateral septal nucleus dorsal. c, d, e : GFP localization revealing the extent of AAV2.9-Syn-
EGFP-Cre infection and the proper expression of the EGFP-Cre in coronal section of VTA of 
Htr2B
fl/fl
 mice at three different magnifications. c EGFP staining revealing Cre expression 
(fusion protein EGFP-Cre); d Tyrosine hydroxylase (TH) antibody staining of the same 
section localizing the DA neurons; e merge of the two staining showing colocalization 
(arrows), some cells being only EGFP positive (arrowhead) or only TH positive (stars). SNR: 
substantia nigra reticulata. ml: medial lemniscus, SNC: substantia nigra compacta, a, b scale 
bars: 600 µM; c, d, e top scale bars: 500 µM, middle scale bars: 200 µM, bottom scale bars: 
25 µM. 
Doly  p2 
 
 
 
Fig. S2. Generation and genotyping of Htr2B 
fl/fl
 and null mutants. Top: Htr2B locus 
indicating the positions of restriction sites used for these targeting constructs. Middle: 
targeting vector designed to floxed exon 2 by homologous recombination in genomic DNA 
generating the targeted locus (middle). Exons 1– 2 are depicted by white (untranslated) and 
black boxes (coding) and Neomycin resistance by grey box. Bottom: sequenced-verified 
structure of the Htr2B null allele (KO) after excision by Cre recombinase of the sequence 
flanked by LoxP sites (triangles). Horizontal arrows illustrate the position of primers used for 
genotyping.  
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Fig. S3. Effect of Htr2B 
genetic ablation on 
locomotion and behavioral 
sensitization to single and 
repeated amphetamine 
injection or D1 agonist. 
Locomotor activity and 
behavioral sensitization in 
Htr2B
+/+
 (white square) and 
Htr2B
−/−
 mice (black 
square). a, c : acute 
injection (1
st
 injection) of 
D-amphetamine (1 mg/kg or 
3mg/kg) increases 
locomotor activity in 
Htr2B
+/+
 and Htr2B
−/−
 mice. 
b, d : the stimulant effect of 
a challenge dose of D-
amphetamine seven days 
later (2
nd
 injection) was 
significantly enhanced 
compared to the first 
injection in Htr2B
+/+
. Data 
were analyzed using two-
way ANOVA (means ± 
SEM, n = 16-14 per group): 
a genotype effect, F(1,30) = 
11,63 p = 0,0019; b 
genotype effect, F(1,30) = 
15,38 p = 0,0005. c 
genotype effect, F(1,26) = 
28,42 p < 0,0001; d genotype effect, F(1,26) = 2,47 p = 0,1285. e-g: locomotor activity in 
Htr2B
+/+
 (e) and Htr2B
−/−
 mice (f) following daily repeated (day 1-5) D-amphetamine injection 
(2mg/kg) and a challenge dose of D-amphetamine ten days later (day 15). g: locomotor 
activity following D-amphetamine injection in Htr2B
+/+
 (white square) and Htr2B
−/−
 mice 
(black square) on day 1 to 5 and 15 (sum of ¼ turns per 90min). Increasing locomotor 
activity was observed following daily injection for both genotypes. The challenge dose ten 
days later (day 15) has no further effect compared to day 5 in both genotypes. However, D-
amphetamine-induced locomotion in Htr2B
−/−
 mice was significantly enhanced compared to 
Htr2B
+/+
 mice. Data were analyzed using two-way ANOVA (means ± SEM, n = 6-8 per 
group): g genotype effect on daily D-amphetamine F(1,12) = 5.00 p = 0.045. Bonferroni post-
hoc tests were also applied, *P < 0.05. h, acute injection (1
st
 injection) of D1 agonist SKF 
81297 (2mg/kg) increases locomotor activity in Htr2B
+/+
 and Htr2B
−/−
 mice. i, the stimulant 
effect of a challenge dose of SKF 81297 seven days later (2
nd
 injection) was significantly 
enhanced compared to the first injection in Htr2B
+/+
 and Htr2B
−/−
 mice. However, SKF 81297-
induced locomotion in Htr2B
−/−
 mice was significantly enhanced compared to Htr2B
+/+
 mice. 
Data were analyzed using two-way ANOVA (means ± SEM, n = 8 per group): h genotype 
effect, F(1,14) = 12.19 p = 0.0036. i genotype effect, F(1,14) = 10.35 p = 0.0062. Bonferroni 
post-hoc tests were also applied to each graph, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
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Table S1. Influence of HTR2B diplotypes on cocaine dependence. 
 
 
 
 
 
 
 
 
 
 
Whole model Χ
2
 = 17.3, d.f. = 8, p value = 0.027, r
2
 = 0.04. N = 323. 
 
 
 
 
Table S2. HTR2B diplotypes in African-Americans. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diplotypes with > 0.05 frequency in the total sample were included in the analyses. The 
relative frequency of each diplotype in cases with diagnosis of cocaine dependence (N = 182) 
and controls (N = 141) is listed. Total N = 323. The frequency of the h2,h7 diplotype in 
controls is too low for further statistical analyses. 
Parameters L-R test Χ
2
 d.f P value 
HTR2B 
diplotypes 
17.2 7 0.0164 
European 
Factor Score 
0.11 1 0.74 
Diplotypes Freq. 
controls 
Freq. 
cases 
H2,H2 0.10 0.11 
H2,H4 0.24 0.24 
H2,H1 0.11 0.14 
H2,H7 0.02 0.09 
H4,H4 0.22 0.08 
H4,H1 0.12 0.12 
H4,H7 0.09 0.14 
H4,H8 0.09 0.08 
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Table S3. Association of HTR2B haplotypes with cocaine dependence in African 
Americans 
 
Haplotypes with > 0.05 frequency in the total sample were included in the analyses. The 
relative frequency of each haplotype within the group of 5 haplotypes (H1, H2, H4, H7, H8) 
is listed. The frequencies and base changes for the SNPs in the African American sample are 
shown in Table S3. Total N = 394 male subjects, 176 controls and 218 cases. 
 
 
Table S4. The association of HTR2B SNPs with cocaine dependence in African-
Americans 
 
Total N = 377, 171 male controls and 206 male cases.  
 Haplotypes   
 rs6736017 rs6437000 rs1549339 rs17586428 
Freq. 
controls 
Freq. 
cases 
H1 1 2 2 1 0.17 0.17 
H2 1 1 1 1 0.25 0.31 
H4 1 1 1 2 0.40 0.32 
H7 2 1 2 1 0.09 0.11 
H8 1 1 2 1 0.09 0.09 
SNPs Base 
variation 
Frequencies 
cases 
Frequencies 
controls 
χ2 2df p val 
 Alleles 1-
2 
11 12 22 11 12 22  
rs6736017 T-C 0.78 0.21 0.01 0.85 0.14 0.01 7.4 0.02 
rs6437000 A-C 0.68 0.29 0.03 0.66 0.30 0.04 0.7 0.69 
rs1549339 A-G 0.36 0.55 0.09 0.46 0.38 0.16 21.9  < 0.0001 
rs17586428 A-G 0.43 0.50 0.07 0.38 0.45 0.17 19.3  < 0.0001 
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Table S5. Multivariate repeated-measure GLM (initial hypothesis test) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Sex .452 4.972 3, 33 .006 
Age .955 10.501 3, 33 .0001 
AIM .077 .848 3, 33 .477 
HTR2B 
group 
.148 .521 9, 95 .856 
Within-Subject Effects 
Pain .035 .381 3, 33 .768 
Pain*Sex .134 1.473 3, 33 .240 
Pain*Age .085 .937 3, 33 .434 
Pain*AIM .165 1.811 3, 33 .164 
Pain*HTR2B .579 2.038 9, 95 .043 
 
Multivariate repeated-measure general linear model (initial hypothesis test) with pain as the 
dependent variable and HTR2B diplotypes, the ancestry informative markers (AIMs), and the 
age as independent variables. 
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Table S6. Univariate GLM with post hoc tests of dopamine release (% change in BPND), 
by region 
a. Nucleus accumbens 
 F df P  
Corrected model 2.328 6, 35 .054  
Sex 2.641 1, 35 .113  
Age .031 1, 35 .861  
AIM .239 1, 35 .628  
HTR2B group 2.262 3, 35 .098  
Pairwise comparisons Mean Diff Std Error P unadjusted) P (Bonferroni) 
H1/H1 vs H1/H2 2.308 3.053 .455 1.0 
H1/H1 vs H1/H3 -5.747 3.411 .101 .605 
H1/H1 vs H2/H3 3.552 3.797 .356 1.0 
H1/H2 vs H1/H3 -8.055 3.585 .031 .186 
H1/H2 vs H2/H3 1.244 3.926 .753 1.0 
H1/H3 vs H2/H3 9.299 4.132 .031 .185 
b. Caudate 
 F df P  
Corrected model 1.156 6, 35 .352  
Sex .508 1, 35 .481  
Age 1.113 1, 35 .299  
AIM .063 1, 35 .804  
HTR2B group 1.116 3, 35 .356  
Pairwise comparisons Mean Diff Std Error P (unadjusted) P (Bonferroni) 
H1/H1 vs H1/H2 -.927 2.087 .660 1.0 
H1/H1 vs H1/H3 -3.052 2.331 .199 1.0 
H1/H1 vs H2/H3 1.869 2.596 .476 1.0 
H1/H2 vs H1/H3 -2.125 2.450 .392 1.0 
H1/H2 vs H2/H3 2.796 2.683 .304 1.0 
H1/H3 vs H2/H3 4.921 2.825 .090 .542 
c. Putamen 
 F df P  
Corrected model 1.836 6, 35 .120  
Sex .338 1, 35 .565  
Age 1.859 1, 35 .181  
AIM .795 1, 35 .379  
HTR2B group 2.051 3, 35 .125  
Pairwise comparisons Mean Diff Std Error P(unadjusted) P (Bonferroni) 
H1/H1 vs H1/H2 .558 1.794 .758 1.0 
H1/H1 vs H1/H3 -3.911 2.004 .059 .354 
H1/H1 vs H2/H3 1.137 2.231 .614 1.0 
H1/H2 vs H1/H3 -4.469 2.106 .041 .246 
H1/H2 vs H2/H3 .579 2.306 .803 1.0 
H1/H3 vs H2/H3 5.048 2.428 .045 .270 
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Table S7. Multivariate GLM, by subgroup 
a. Women only (n = 25) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Age 1.039 5.888 3, 17 .006 
AIM .100 .566 3, 17 .645 
HTR2B 
group 
.237 .412 9, 47 .922 
Within-Subject Effects 
Pain 1.392 7.889 3, 17 .002 
Pain*Age 1.373 7.779 3, 17 .002 
Pain*AIM .604 3.424 3, 17 .041 
Pain*HTR2B 2.092 3.641 9, 47 .002 
b. Men only (n = 17) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Age .543 1.630 3, 9 .250 
AIM .181 .543 3, 9 .665 
HTR2B 
group 
.865 .737 9, 23 .672 
Within-Subject Effects 
Pain 3.102 9.305 3, 9 .004 
Pain*Age 2.935 8.805 3, 9 .005 
Pain*AIM 1.354 4.062 3, 9 .044 
Pain*HTR2B 4.435 3.778 9, 23 .005 
c. Caucasians only (n = 33) 
 
Hotelling 
trace 
F df P 
Between-Subject Effects 
Sex .313 2.610 3, 25 .074 
Age .995 8.292 3, 25 .001 
HTR2B 
group 
.176 .463 9, 71 .895 
Within-Subject Effects 
Pain .155 1.295 3, 25 .298 
Pain*Sex .127 1.056 3, 25 .385 
Pain*Age .114 .951 3, 25 .431 
Pain*HTR2B .886 2.329 9, 71 .023 
 
 
 
ORIGINAL ARTICLE
Interaction Between FKBP5 and Childhood Trauma
and Risk of Aggressive Behavior
Laura Bevilacqua, MD; Vladimir Carli, MD, PhD; Marco Sarchiapone, MD; Danielle K. George;
David Goldman, MD; Alec Roy, MD; Mary-Anne Enoch, MD
Context: Childhood trauma may predispose individu-
als to aggressive behavior, and both childhood trauma
and aggressive behavior are associatedwith hypothalamic-
pituitary-adrenal axis dysregulation.
Objective: To determine whether there would be an in-
teraction between genetic variation in FKBP5 and child-
hood trauma in predicting aggressive behavior.
Design: Cross-sectional study. Four FKBP5 single-
nucleotide polymorphisms used in previous studies
(rs3800373, rs9296158, rs1360780, and rs9470080)were
genotyped. Three diplotypes were derived from 2 major
putatively functional haplotypes regulating protein ex-
pression that were previously associated with glucocor-
ticoid receptor sensitivity.
Setting: Penitentiary District of Abruzzo-Molise in cen-
tral Italy.
Participants: A population of 583 male Italian prison-
ers recruited between 2005 and 2008.
Main Outcome Measures: A comprehensive analy-
sis of aggression and impulsivity was undertaken using
the Brown-Goodwin Lifetime History of Aggression
(BGHA) questionnaire, the Buss-Durkee Hostility Inven-
tory (BDHI), and the Barratt Impulsiveness Scale (BIS).
A history of childhood trauma was investigated with the
Childhood Trauma Questionnaire. The interaction be-
tween the FKBP5 diplotypes and childhood trauma on
measures of aggression was analyzed. Analyses were rep-
licated with a second behavioral measure of aggression:
violent behavior in jail. Individual single-nucleotide poly-
morphism analysis was performed.
Results: Childhood trauma had a significant effect on
BGHA and BDHI scores but not on BIS scores. We ob-
served a significant influence of the FKBP5 high-
expression diplotype on both a lifetime history of ag-
gressive behavior (BGHA) (P=.012) and violent behavior
in jail (P=.025) but only in individuals exposed to child-
hood trauma, in particular to physical abuse. No main
effect of the FKBP5 diplotypes was observed.
Conclusion: These data suggest that childhood trauma
and variants in the FKBP5 gene may interact to increase
the risk of overt aggressive behavior.
Arch Gen Psychiatry. 2012;69(1):62-70
A GGRESSION IS A HETEROGE-neous term thatmaybede-fined as hostile or destruc-tive behavior that can becollectiveor individual and
can be directed toward self or others. A de-
greeofaggressionmaybeconsideredwithin
the range of normal behavior in certain so-
cial situations but can be manifest in dif-
ferent pathological ways, such as antiso-
cial behavior, suicidal behavior,1 or violent
criminality.2,3 Well-characterized aggres-
sive disorders, such as antisocial person-
ality disorder, borderline personality dis-
order, and intermittent explosive disorder,
have been shown to have moderate heri-
tability.4-7Therefore,acomplexinterplaybe-
tween environmental andgenetic factors is
likely to underlie aggression. Indeed, sev-
eral studies8-11 of a functional locus (MAOA-
LPR) within the monoamine oxidase A
(MAOA) gene have shown the importance
of gene-environment interactions in theeti-
ology of aggression.
Despite the resilience of many mal-
treated children, childhood trauma is a risk
factor for numerous psychopathological
conditions in adulthood,12,13 includingma-
jor depression,14 posttraumatic stress dis-
order (PTSD),15 suicidal behavior,16 ad-
dictions,13,17,18 and borderline personality
disorder.19-21 Being abused or neglected
as a child increases one’s risk of delin-
quency and adult violent criminal behav-
ior.22 Childhood trauma, identified by the
ChildhoodTraumaQuestionnaire (CTQ),
has been correlated withmeasures of life-
time aggression (Brown-Goodwin Life-
timeHistory of Aggression [BGHA] ques-
tionnaire23) in the Italian prisoner
population analyzed in this study3 and in
other studies.24
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Childhood trauma has also been shown to affect stress
reactivity in adulthood by altering the hypothalamic-
pituitary-adrenal (HPA)axis function.18,25,26Acute stress ac-
tivateshypothalamic releaseof corticotropin-releasinghor-
mone (CRH)andargininevasopressinpeptide (AVP) from
the paraventricular nucleus to the pituitary, where they
stimulate the secretion of the adrenocorticotropic hor-
mone. BothAVP andCRHdirectly and through the action
of the adrenocorticotropic hormone regulate adrenal cor-
tisol release, steroidogenesis, and catecholamine synthesis
and release from the adrenal gland. Glucocorticoids pro-
mote the physiologic response to stress but are also critical
in initiating a negative feedback on the HPA axis via the
activationof theglucocorticoid receptors (GRs) andmodu-
lation of both CRH and AVP expression.27 This negative
feedback appears to be critical for a healthy stress re-
sponse and to avoid prolonged or excessive activation of
the system. Insensitivity of GRs may result in an impair-
ment of this regulation system. The GR is a ligand-
activated transcription factor that translocates from the cy-
tosol to thenucleusafterbinding tocortisol.Ligandbinding,
activation, and subsequent GR action on gene transcrip-
tion are regulated by a large molecular complex.28,29 This
molecularmachinery isbasedonheat shockprotein90and
heat shock protein 70 chaperones and a number of co-
chaperones,30 includingFKBP5,acochaperoneofheatshock
protein 90. Once cortisol is bound, FKBP5 is exchanged
with other cochaperones, and the GR complex can trans-
locate into the nucleus and bind the DNA. FKBP5 (Gen-
Bank NG_012645.1) expression is induced by glucocor-
ticoidsasan intracellular,ultrashort,negative feedback loop
forGR activity.When FKBP5 is bound to theGR complex
via heat shock protein 90, the receptor has lower affinity
for cortisol, with increased expression ofFKBP5, resulting
in GR resistance to glucocorticoid activation.
Variation in the FKBP5 gene has been associated with
response to antidepressants, recurrence of depressive epi-
sodes,31 suicide attempt in patients with bipolar disor-
der,32 and incomplete normalization of stress-elicited cor-
tisol secretion.33 Moreover, it has been shown that FKBP5
interactswith childhood trauma to predict PTSD15 and sui-
cidal behavior16 in African Americans. Previous stud-
ies15,31 identified FKBP5 loci associated with high protein
expressionand increasedglucocorticoid resistance, and thus
less dexamethasone suppression, in control participants.
In the presence of disease, this functional association ap-
peared to be impaired. The interaction between high-
expression alleles and childhood trauma increased the risk
of PTSD, and these alleles were associated with increased
glucocorticoid sensitivity. A similar relationship was ob-
served in depressed patients in whom the high expression
alleles (associated in controls with increased glucocorti-
coid resistance) were associated with greater glucocorti-
coid sensitivitymeasuredwith thedexamethasone-CRHtest.
Thus, genetic variation in FKBP5 may modulate the ef-
fects of childhood trauma on cortisol release, and abnor-
mal protein expression may lead to altered GR respon-
siveness in target organs and long-lasting alterations in
HPA axis reactivity.34
The relationship between HPA activity and aggressive
behavior has been previously explored. Low cortisol lev-
els have been detected in habitually violent adult offend-
ers with antisocial personality.35 A blunted stress re-
sponse and consequentially low cortisol levels have been
found in boys with persistent antisocial behavior,36 and
McBurnett and colleagues37 described lower baseline cor-
tisol levels in children with conduct disorder. In addition,
AVPhas been studied in various species with respect to its
ability to modulate anxiety-related behaviors and a broad
variety of social behaviors, such as social cognition, pair
bonding, and aggression.38-41 Coccaro et al42 reported aposi-
tive correlation between cerebrospinal fluid concentra-
tion of AVP and lifetime history of aggression in humans
with personality disorders, raising the possibility of a com-
plex interactionamongstress, releaseofCRHandAVP,HPA
activation, and aggression.
Becausechildhood traumapredicts aggressivebehavior
andboth traumaandaggressionhavebeenassociatedwith
abnormal HPA axis response, we hypothesized that there
wouldbeaninteractionbetweengeneticvariation inFKBP5
andchildhoodtraumainpredictingaggressivebehavior.The
study sample consistedof a groupofmale Italianprisoners
who were evaluated for psychiatric disorders, a history of
childhood trauma, impulsive traits, lifetime aggressive be-
havior,hostility, andviolentbehaviorduring incarceration.
Analyseswereconductedwiththeputatively functionaldip-
lotypes derived from 4 FKBP5 single-nucleotide polymor-
phisms (SNPs) (rs3800373, rs9296158, rs1360780, and
rs9470080) implicated in previous studies.15,16,31-33
METHODS
STUDY PARTICIPANTS
The participants included 629 male prisoners detained in the
Penitentiary District of Abruzzo-Molise in central Italy and re-
cruited between 2005 and 2008. All prisoners self-identified
as white, and ethnicity was also recorded by the interviewer.
Only sentenced individuals were included in the study be-
cause of legal reasons. Informed consent was obtained from all
participants after a detailed explanation of the study was pro-
vided by a psychiatrist. The ethics review board of the Univer-
sity of Molise approved the study. Participation or refusal to
participate did not affect the prisoner in any way, and prison
authorities were not informed of the decision of the prisoner.
Intellectual disability, inability to read or speak Italian, or florid
psychosis were exclusion criteria. A total of 34.4% of prison-
ers who were invited to participate declined the offer.43 Pris-
oners who chose not to participate in the study did not differ
significantly from those who participated in terms of demo-
graphic measures, such as age, educational level, occupational
status, crime of conviction, and duration of sentence.43
Psychiatric interviews were conducted by trained psycholo-
gists and psychiatrists. The Italian version of the structuredMini-
International Neuropsychiatric Interview44 and a semistruc-
tured interview inquiring about sociodemographic variableswere
administered. The presence of any lifetimeAxis I psychiatric dis-
order was determined in agreement with theDiagnostic and Sta-
tisticalManual ofMental Disorders (Fourth Edition) (DSM-IV).45
MEASURES OF AGGRESSION,
IMPULSIVITY, AND VIOLENCE
Brown-Goodwin Lifetime History of Aggression
The BGHA23 is an 11-item questionnaire that assesses lifetime
aggressive behaviors across 2 stages of life (adolescence and
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adulthood)3 by directly addressing for each itemhowmany times
the aggressive behavior occurred. The interview investigates epi-
sodes of temper tantrums and violence against self, property,
and others (including authority) in various social contexts, such
as family, school, and work environment.
Buss-Durkee Hostility Inventory
The Buss-DurkeeHostility Inventory (BDHI)46 is a 75-itemques-
tionnaire developed to assess 8 subscales: assault, indirect ag-
gression, irritability, negativism, resentment, suspicion, ver-
bal expression of negative affect, and guilt.
Barratt Impulsiveness Scale
Impulsive personality traits were assessed with the Barratt Im-
pulsiveness Scale (BIS),47 a 30-item, 4-point Likert scale ques-
tionnaire that investigates personality and behavioral impulsive-
ness, including cognitive impulsiveness,motor impulsiveness, and
lack of planning.
Violent Behavior During Incarceration
Prisoners were recorded as having exhibited violent behavior
during their incarceration if there were disciplinary reports of
physical aggression or assault against other inmates or prison
officers while in prison. Verbal aggression and behaviors other
than physical violence (eg, drug dealing) were excluded from
the definition of the variable. Examples for violent behavior in
jail are fights between inmates or assault against a prison guard.
Measures of Childhood Trauma
Prisoners completed the34-itemversionof theCTQ.48,49 TheCTQ
is an instrument for assessing childhood emotional and physi-
cal abuse, sexual abuse, and physical and emotional neglect. For
each item there is a 5-point Likert scale to express the fre-
quency of occurrence. The 34-itemCTQwas converted into the
28-item version according to accepted criteria50 because this is
the most recent and commonly used form of the questionnaire
and includes clinical cutoffs for significant abuse and neglect.
The CTQ subscale scores range from 5 to 25 and the total scores
from 25 to 125. Reliability and validity of the CTQ have been
previously demonstrated.48,51 In this study we used the CTQ di-
chotomous clinical cutoff scores that differentiate between the
presence or absence of significant abuse and neglect.52 The cut-
off points were 8 or higher for physical abuse, 8 or higher for
physical neglect, 8 or higher for sexual abuse, 10 or higher for
emotional abuse, and 15 or higher for emotional neglect.
FINAL DATA SET
Of the 629 original prisoners for whom DNA was available, in-
dividuals with a diagnosis of schizophrenia or without a com-
pletedCTQwere excluded, leaving a total of 583 individuals ana-
lyzed in this study.Asdescribed later (see the “FKBP5Diplotypes”
subsection of the “Results” section), the genetic analyses were
performed on 411 individuals who carried the heterozygous and
homozygous combinations of the 2majorFKBP5haplotypes. The
mean (SD) age of the 411 studyparticipantswas 40.6 (11.0) years
(range, 19-81 years). All 411 individuals completed the BGHA,
401 completed the BIS, and 406 completed the BDHI. The fol-
lowing data were obtained from all 411 individuals. A total of
64.0%werenotmarried, 85.6%didnot graduate fromhigh school,
and 33.1%were not employed at the time of incarceration. A total
of 66.4% were convicted more than once, and 24.8% had a ju-
venile conviction on record. Prisoners were convicted for vio-
lent crimes, including homicide, aggression with weapons, vio-
lent robberies, and terrorist activity, and nonviolent crimes,
including drug use or sale, nonviolent robberies, and fraud. At
least 1 lifetime DSM-IV Axis I disorder was present in 44.0% of
prisoners (of these, 7.8% were diagnosed as having an anxiety
disorder, 11.2% as having bipolar disorder, 39.7% as havingma-
jor depression, and 41.3% as having substance dependence). A
lifetimeDSM-IV diagnosis of substance dependence53 wasmade
in 31.0% of the 411 prisoners: opiates (2.4%), alcohol (9.5%),
cannabis (12.7%), cocaine (29.4%), and multiple substances
(46.0%). Considerable comorbidity was found among sub-
stance dependence,major depression, anxiety disorders, and bi-
polar disorder; therefore, the collective term Axis I disorders
(n=181) was included in the analyses.
GENOTYPING
DNA was extracted from whole blood using standard proto-
cols. Four haplotype tagging SNPs spanningapproximately 104
kilobase of FKBP5were genotyped using TaqMan assays on de-
mand (Applied Biosystems). Genotyping assays (C_8852038,
C_27489960, C_1256775, and C_92160_10) were performed
according to the manufacturer’s protocol (Table 1). Geno-
type was determined using an ABI 7900HT Sequence Detec-
tion System (Applied Biosystems). Genotype accuracy was de-
termined empirically by duplicate genotyping of 108 samples
selected randomly. The error rate was less than .002, and the
genotyping completion rate was more than .92. All SNPs were
in Hardy-Weinberg equilibrium (P! .90).
ASSESSMENT OF POPULATION STRATIFICATION
USING ANCESTRY INFORMATIVE MARKERS
One hundred thirty-two ancestry informative markers54 were
available for a randomsubgroup of 118 study participants,which
did not differ significantly from the total data set for any of the
measures analyzed in this study. This ancestry assessment iden-
tifies 7 ethnic factors. In this data set of self-reported whites,
the mean European factor score was .70 (median, .83), and the
meanMiddle Eastern factor score was .20 (median, .09). Geno-
type frequency for the 4 SNPs analyzed in this study is com-
parable to the data reported for the HapMap CEU population.
Table 1. FKBP5 SNPs Genotyped in This Studya
SNP
Location Base Variation Frequency
Chromosome 6 Gene Alleles 1-2 11 12 22
rs3800373 35650454 3" utr C-A (0.28) 0.08 0.40 0.52
rs9296158 35675060 Intron 5 G-A (0.32) 0.45 0.45 0.10
rs1360780 35715549 Intron 2 T-C (0.32) 0.11 0.42 0.47
rs9470080 35754413 Intron 1 T-C (0.33) 0.11 0.43 0.46
Abbreviation: SNP, single-nucleotide polymorphism.
aA total of 583 individuals were studied. Minor allele frequencies are given in parentheses.
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STATISTICAL ANALYSIS
Primary Analyses
Primary analyses were conducted on the 411 prisoners who car-
ried the heterozygous and homozygous combinations of the 2
major and putatively functional FKBP5 haplotypes (see the
“FKBP5Diplotypes” subsection in the “Results” section). Each
SNP has 2 alleles that we have called 1 and 2 (Table 1). A hap-
lotype is a combination of alleles (for different SNPs) that are
located closely together on the same chromosome (eg, 2122)
and that tend to be inherited together. A diplotype represents
a pair of haplotypes, 1 from each chromosome (eg, 2122/
2122). Diplotypes provide more complete genetic informa-
tion and for this reason were analyzed in this study. The linear
regression analyses were conducted with (1) BGHA, (2) BIS,
and (3) BDHI total continuous scores as the dependent vari-
able. The 3 diplotypes, CTQ total scores, age, andDSM-IVAxis
I diagnosis, were included as independent variables together
with the diplotype!CTQ interaction term. The analyses were
performed using the dichotomous total CTQ scores: the sample
was divided into 2 groups: (1) individuals with exposure to sig-
nificant childhood abuse and/or neglect defined as having a clini-
cal cutoff score in at least 1 of the 5 CTQ subscales and (2) in-
dividuals without significant abuse or neglect defined as having
scores below the cutoff point for all 5 subscales.
The Middle Eastern ethnic factor score did not have a sig-
nificant effect in the BGHA, BIS, and BDHI linear regression
analyses and was therefore not included. The false discovery
rate (FDR) correction for multiple testing was applied.55
Secondary Analyses
The linear regression analyses were repeated for each of the 5
CTQ subscales using the dichotomousCTQ clinical cutoff score
with the BGHA total continuous score as the dependent vari-
able. To replicate the original findings of the primary analysis
with BGHA, a logistic regression was performed with a second
measure of aggression, which is violent behavior in jail as the
dependent variable and as independent variables the terms pre-
viously described. Finally, single SNP analyses were per-
formed to determine whether any of the SNPs provided the sig-
nals for the diplotype analyses.
Statistical analyses were undertaken using JMP 7 software
(SAS Institute, Inc). Haplotype frequencies and diplotypes were
estimatedusing a bayesian approach implementedwithPHASE.56
Haploview version 2.04 software (Whitehead Institute for Bio-
medical Research) was used to produce linkage disequilib-
rium blocks. Because rare and uncommon haplotypes are sub-
ject to estimation errors because of increased sampling variance,
all analyses were conducted with haplotypes with a frequency
of .05 or higher, which happened to be the 2 putatively func-
tional haplotypes (H1 andH2; see the “FKBP5Diplotypes” sub-
section in the “Results” section).
RESULTS
MEASURES OF AGGRESSION,
HOSTILITY, AND IMPULSIVITY
The total BGHA, BDHI, and BIS continuous scores were
includedasdependent variables in3 separate analyses.The
mean(SD)scoreswereas follows:BGHA,36.0(11.0)(maxi-
mum possible score,88)3; BDHI, 36.3 (11.5) (maximum
possible score,75); and BIS, 47.6 (15.6) (maximum pos-
sible score,120). Scores for aggressive behavior or impul-
sive personality traits were correlated (all at P" .0001):
BGHAvsBDHI: r=0.49,F1,404=130.6;BGHAvsBIS: r=0.36,
F1,399=59.3; and BIS vs BDHI: r=0.38, F1,396=66.7.
CHILDHOOD TRAUMA QUESTIONNAIRE
The median CTQ score was 36 of a total possible score
of 125. Subscale scores for physical abuse, sexual abuse,
emotional abuse, emotional neglect, and physical ne-
glect were correlated (all at P" .0001).
The CTQ provides clinical cutoffs that set thresholds
for significant emotional abuse, emotional neglect, physi-
cal abuse, physical neglect, and sexual abuse. In the total
group of prisoners, 226 (55.0%) met the threshold for
significant abuse and/or neglect in at least 1 of the 5 cat-
egories. Among these 226 individuals, 105 (46.5%) ex-
perienced only 1 type of childhood trauma, 55 (24.3%)
reported 2 types, 32 (14.2%) reported 3 types, 23 (10.2%)
reported 4 types, and 11 (4.9%) reported all 5 catego-
ries of trauma. Childhood physical neglect (151 [66.8%]),
physical abuse (91 [40.3%]), and emotional neglect (91
[40.3%]) were the most common forms of childhood
trauma experienced, followed by childhood emotional
abuse (67 [29.6%]) and sexual abuse (58 [25.7%]).
FKBP5 DIPLOTYPES
Haplotypes were derived from the 4 SNPs (rs3800373,
rs9296158, rs1360780, and rs9470080) that have been im-
plicated in earlier studies.15,16,31-33 These 4 SNPs were in
strong linkage disequilibrium (Figure1) and in approxi-
mate allelic identity (Table 1). There were 6 haplotypes
(frequency#.01) with 2major yin yang, putatively func-
tional haplotypes, 2122 (H1) and 1211 (H2), that alone
accounted for 88.0% of haplotype diversity (Figure 1).
These 2 haplotypes are considered putatively functional
because the H2 haplotype had been previously associated
with higher FKBP5 protein expression and increased GR
resistance in controls relative to the H1 haplotype. Dip-
lotypes were estimated for 516 study participants; 411 of
them carried the homozygous (H1/H1, H2/H2) and het-
erozygous (H1/H2) combinations of the potentially func-
tional haplotypes and were included in the analyses.
2122 (H1) 0.64
1211 (H2) 0.24
2211 0.03
2222 0.03
1111 0.02
2111 0.01
Haplotype Frequency
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Figure 1. The FKBP5 4–single-nucleotide polymorphism haplotype block
structure and yin yang, putatively functional haplotypes. The putatively
functional haplotypes account for 88.0% of total haplotype diversity. A total
of 411 individuals carry the homozygote and heterozygote combinations of
the H1 and H2 yin yang haplotypes.
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PRIMARY ANALYSES
Linear regression was performed to determine the main
effects and interaction of the FKBP5 diplotypes and child-
hood trauma on (1) BGHA, (2) BDHI, and (3) BIS con-
tinuous total scores. The analyses were conducted with
the total dichotomous CTQ scores.
Results of the BGHA are presented in Table 2. Child-
hood trauma had a significant (P! .0001) effect on life-
time aggression scores. No main effect of the diplotypes
was observed, but there was a significant interaction be-
tween the CTQ dichotomous total score and the FKBP5
diplotypes on the BGHA total score (P=.004; P=.01 af-
ter FDR correction for the 3 tests performed).
The direction of the gene-environment interaction is
illustrated in Figure 2. In prisoners exposed to child-
hood trauma, carriers of theH2/H2 diplotype (previously
associated with higher FKBP5 expression and increased
GR resistance in controls) had higher BGHA scores (44.8
[12.0]) compared with carriers of the other 2 diplotypes
(H1/H1: 37.4 [10.5];H2/H1: 39.7 [11.4]).Moreover, there
was a crossover effect such that in prisoners not exposed
to childhood trauma, carriers of theH2/H2diplotypewere
less aggressive (27.5 [6.5]) than carriers of the 2other dip-
lotypes (H1/H1: 33.8 [10.5]; H1/H2: 32.9 [10.8]).
Within the linear regression model for BDHI and BIS,
childhood trauma had a significant effect on the BDHI
(P=.0002) but not on the BIS (P=.29). Linear regression
analyses with BIS and BDHI showed no significant diplo-
type main effect or interaction with childhood trauma.
SECONDARY ANALYSES
From Table 2 it can be seen that, after FDR correction,
physical abuse, physical neglect, and emotional neglect
had significant gene-environment interactive effects on
aggression, emotional abuse had a trend effect, and sexual
abuse had no effect. The apparent lack of effects of emo-
tional abuse (n=67) and sexual abuse (n=58)may be due
to a low prevalence of these types of childhood trauma
in this data set. Physical abuse had the maximum gene-
environment effect of the 5 subscales; the interaction is
illustrated in the Figure 2 inset.
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Figure 2. Interaction of FKBP5 diplotypes and childhood trauma on
Brown-Goodwin Lifetime History of Aggression (BGHA) scores. Within the
group of individuals with no history of trauma, there were 91 individuals in
the H1/H1 diplotype group,75 in the H1/H2 diplotype group,and 19 in the
H2/H2 diplotype group. Within the group of individuals who experienced
significant trauma, there were 119 in the H1/H1group, 95 in the
H1/H2group, and 12 in the H2/H2group. The inset shows the interaction of
FKBP5 diplotypes and childhood physical abuse on BGHA scores. Within the
group of individuals with no history of trauma, there were 91 in the
H1/H1group, 75 in the H1/H2group, and 19 in the H2/H2group. Within the
group of individuals who experienced significant physical abuse, there were
52 in the H1/H1group, 34 in the H1/H2group, and 5 in the H2/H2group.
Error bars are standard errors.
Table 2. Interaction of FKBP5 Diplotypes and Childhood Trauma on the Brown-Goodwin Lifetime History of Aggression Scoresa
Variable
CTQ
Emotional Abuse Physical Abuse Sexual Abuse Emotional Neglect Physical Neglect Total
Abuse or neglect
F 24.1 41.6 9.3 34.4 44.7 34.4
P value !.0001 !.0001 .003 !.0001 !.0001 !.0001
Age
F 2.9 7.1 3.3 7.1 5.6 9.1
P value .10 .01 .06 .01 .02 .003
Axis I diagnosis
F 10.5 9.9 6.7 11.5 20.5 25.3
P value .001 .002 .01 .001 !.0001 !.0001
Diplotype effect
F 0.4 1.9 0.6 0.9 0.6 0.7
P value .66 .15 .55 .40 .51 .48
Gene-environment
F 2.9 6.6 0.3 4.4 4.0 5.6
P value .05 .001 (.005) .73 .01 (.033) .02 (.033) .004 (.012)
Whole model
F 7.9 10.9 6.9 9.6 13.0 12.0
r 2 0.19 0.22 0.17 0.20 0.22 0.18
P value !.0001 !.0001 !.0001 !.0001 !.0001 !.0001
Abbreviation: CTQ, Childhood Trauma Questionnaire.
aThe values in parentheses represent P values after false discovery rate correction for multiple comparisons. There were 411 prisoners, of whom 185 do not
have a history of childhood maltreatment: 91 experienced physical abuse, 58 sexual abuse, 67 emotional abuse, 91 emotional neglect, and 151 physical neglect.
A total of 226 individuals experienced at least 1 form of abuse and/or neglect (CTQ total), and 181 had an Axis I diagnosis.
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SUBSTANCE DEPENDENCE
Substance dependence was significantly associated with
higher BGHA total scores (t1=4.4, P! .0001), BDHI total
scores (t1=5.0, P! .0001), and BIS total scores (t1=2.7,
P! .008) but not with the clinical cutoff CTQ total scores
("21=0.004, P=.95). We observed a significant diplotype
associationwith substance dependence ("2=8.5, P=.015),
with the H1 haplotype conferring increased risk (odds
ratio, 1.8; 95%CI, 1.16-2.70).
To demonstrate that the main results of our analyses
are not driven by substance dependence, we repeated the
analyses in a subset of prisoners with no DSM-IV diag-
nosis of substance dependencewho had (n=157) and had
not (n=128) been exposed to childhood trauma. De-
spite the smaller sample size, there was still an interac-
tive effect of FKBP5 diplotypes and childhood trauma on
BGHA scores (F7=5.6, P=.004).
VIOLENT BEHAVIOR
DURING INCARCERATION
The dichotomous variable, violent behavior in jail, was as-
sociated with higher BGHA (t1=9.9, P! .0001), BDHI
(t1=4.9, P! .0001), and BIS (t1=4.7, P! .0001) scores and
Axis I disorders ("21=7.6, P=.006). Prisoners who had ex-
perienced clinically significant childhood trauma (n=226)
were more likely to act violently in jail ("21=7.9, P=.005)
compared with prisoners with no history of abuse and/or
neglect (n=185).
Logistic regression analysis was performed with vio-
lent behavior in jail as the dependent nominal variable
and diplotypes, age, Axis I diagnosis, CTQ total and sub-
scales clinical cutoffs, and interaction between diplo-
types and childhood trauma as independent variables. As
indicated in Table 3, there was a main effect of the di-
chotomous CTQ total score on violent behavior in jail,
and the strongest signal came from exposure to physical
abuse. Only physical abuse had an interactive effect with
FKBP5 genotype on violent behavior (likelihood ratio
"27=10.5, P=.005; P=.025 after FDR correction).
As Figure 3 shows, of the prisoners who had experi-
enced childhood physical abuse, 80.0% of the groupwith
the H2/H2 diplotypes manifested violent behavior in jail
compared with 23.1% of the group with the H1/H1 dip-
lotype and an intermediate 44.1% of the group with the
H1/H2 diplotype ("22=9.0, P=.01). Genotype had no ef-
fect on violent behavior in prisoners who did not report
childhoodphysicalabuse(20.9%inH1/H1diplotype,14.7%
in H2/H1 diplotype, and 10.5% in H2/H2 diplotype).
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Figure 3. Interaction of FKBP5 diplotypes and childhood physical abuse on
violent behavior in jail.
Table 3. Interaction of FKBP5 Diplotypes and Childhood Trauma on Violent Behavior While in Jaila
Variable
CTQ
Emotional Abuse Physical Abuse Sexual Abuse Emotional Neglect Physical Neglect Total
Abuse or neglect
LR "2 1.9 13.4 0.1 5.4 6.5 6.6
P value .17 .0003 .75 .02 .01 .01
Age
LR "2 5.7 10.7 4.8 10.1 4.7 6.5
P value .02 .001 .02 .002 .03 .01
Axis I diagnosis
LR "2 5.1 1.2 3.2 3.0 3.7 7.5
P value .02 .27 .07 .10 .05 .006
Diplotype effect
LR "2 0.9 3.2 2.5 0.4 0.4 0.3
P value .64 .20 .30 .80 .82 .84
Gene-environment
LR "2 3.9 10.5 3.9 3.9 5.1 5.1
P value .14 .005 (.025) .14 .13 .07 .07
Whole model
LR "2 20.2 31.3 21.5 24.3 21.2 28.0
r 2 0.08 0.11 0.08 0.08 0.06 0.06
P value .0051 !.0001 .003 .001 .0034 .0002
Abbreviations: CTQ, Childhood Trauma Questionnaire; LR, likelihood ratio.
aThe values in parentheses represent P values after false discovery rate correction for multiple comparisons. There were 411 prisoners, of whom 185 do not
have a history of childhood maltreatment: 91 experienced physical abuse, 58 sexual abuse, 67 emotional abuse, 91 emotional neglect, and 151 physical neglect.
A total of 226 individuals experienced at least 1 form of abuse and/or neglect (CTQ total), and 181 had an Axis I diagnosis.
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INDIVIDUAL SNP ANALYSES
SecondaryanalyseswereperformedwiththeindividualSNPs
rs3800373, rs9296158, rs1360780, and rs9470080 to de-
termine whether any of them provided the signal for the
diplotype! childhood traumaresults.Results for theSNPs
are summarized in Table 4. When all significant covari-
ates were included in the linear regression analysis, SNPs
rs3800373, rs1360780, and rs9470080 interactingwith the
total dichotomousCTQ scorewere associatedwith higher
BGHAtotalscores.Noneof the4SNPsinteractedwithphysi-
cal abuse to increase the risk for violent behavior in jail.
COMMENT
In this study we showed that FKBP5 variation and ex-
posure to childhood trauma interact to specifically in-
fluence behavioral dyscontrol and a lifetime history of
aggression (as documented by the BGHA) together with
violent behavior while incarcerated (as documented in
the prison records). In particular, this study suggests that
the less commonFKBP5haplotype (H2) increases the risk
of overt aggressive behavior in individuals who have a
history of childhood trauma, particularly physical abuse.
However, there was no gene-environment effect on in-
direct aggression (general hostility or expression of an-
ger) ascertained from the BDHI or on impulsive person-
ality traits ascertained from the BIS. The fact that we
observed aneffect on aggressionmeasuredwith theBGHA
questionnaire andon reported violent behavior in jail sug-
gests that the interaction has an effect onmanifested, ex-
pressed aggressive behavior rather than on personality
traits. The advantage of using a behaviorally based indi-
cator of aggression is that the translation of genetic find-
ings to behavior is ultimately more direct. Behaviorally
measured aggression has previously shown a strong re-
lationship with biological predictors, including, for ex-
ample, theMAOA interaction with testosterone levels in
predicting aggressive behaviormeasuredwith theBGHA10
and the interaction between FKBP5 and CTQ childhood
trauma in predicting suicide attempts.16
The FKBP5 diplotypes were derived from the 4 SNPs
implicated in previous studies.15,16,31-33 The risk allele for
these SNPs, represented in the H2 haplotype, has been
associated in a previous study15 with enhanced serum cor-
tisol suppression after dexamethasone administration or
enhanced GR sensitivity in individuals with PTSD.57,58 In
contrast, the protective alleleswere associatedwith a lesser
response to the dexamethasone suppression test, an in-
dicator of GR resistance, in individuals with PTSD. Binder
and colleagues31 reported an association between the
rs1360780 risk T/T genotype and increased FKBP5 pro-
tein expression in lymphocytes and with stronger induc-
tion of FKBP5 messenger RNA by cortisol in peripheral
blood cells andwith increased vulnerability to adult PTSD
symptoms after childhood abuse. In our study, as rep-
resented in Figure 4, rs1360780 alleles appeared to ex-
ert an allelic dosage effect (F2=3.0, P=.05): in individu-
als exposed to childhood trauma, the T/T homozygotes
had the highest BGHA scores (42.4 [12.7]), C/C homo-
zygotes had the lowest scores (37.5 [10.7]), and C/T het-
erozygotes had intermediate scores (40.2 [11.4]).
The association of a gene implicated in theHPA stress
axis regulation with aggression is of great interest, but it
is unknown how the interaction between childhood
trauma and FKBP5 may increase the risk of aggressive
behavior. Genetic variation in FKBP5may alter function
of the stress-response pathway during development and
thus alter CRH and AVP expression, predisposing those
who had a significant history of child abuse to a higher
risk of aggressive behavior through long-lasting trauma-
induced epigenetic changes.59
Table 4. Interaction of Individual SNPs and Childhood Trauma on the BGHAa
Variable
SNP
rs3800373 rs9296158 rs1360780 rs9470080
Gene effect
F 1.7 0.1 1.0 0.7
P value .18 .89 .37 .49
Age
F 14.0 17.1 13.2 13.0
P value .0002 ".0001 .0003 .0004
Axis I diagnosis
F 33.2 31.2 37.1 30.6
P value ".0001 ".0001 .0001 ".0001
Abuse or neglect
F 45.2 47.2 52.5 45.2
P value ".0001 ".0001 ".0001 ".0001
Gene-environment
F 4.1 2.6 4.3 3.2
P value .017 .08 .015 .043
Whole model
F 16.7 17.3 18.1 15.5
r 2 0.19 0.18 0.20 0.18
P value ".0001 ".0001 ".0001 ".0001
Abbreviations: BGHA, Brown-Goodwin Lifetime History of Aggression; SNP, single-nucleotide polymorphism.
aOf 557 patients who completed the BGHA, 293 had experienced childhood abuse and/or neglect and 264 had experienced no abuse or neglect.
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The SNPs in this study are in strong linkage disequi-
librium across all ethnic groups, including whites, Afri-
can Americans, Africans, and Asians,34 increasing the dif-
ficulty of identification of a functional variant in FKBP5.
Further resequencing and in vitro and in vivo functional
studies are necessary to pinpoint the variant responsible
for the interactions and associations described.
In our sample, physical neglect was the most com-
mon form of abuse reported by the prisoners, followed
by physical abuse and emotional neglect, all of which
showed a high intercorrelation (r=0.41-0.48). Sexual
abuse was the least represented of the childhood trau-
mas,which is consistentwith previous reports by sex.51,60,61
The interaction betweenFKBP5 and physical abuse in par-
ticular was strongly associated with both BGHA and vio-
lent behavior in jail, indicating that this type of child-
hood trauma in males may be modulated by the HPA
response in predisposing individuals to aggressive be-
havior rather than other forms of abuse and/or neglect.
This study has several strengths. First, we had access
to a selected extreme sample of individualswhohavebeen
incarcerated for committing an offense. Second, wewere
able to analyze several aspects of this heterogeneous phe-
notype “aggression”: overt aggression and violence, in-
direct aggression, hostility, negative affect, and impul-
sive personality traits. By these means we were able to
show that theFKBP5! childhood trauma interactionhad
a specific effect on aggressive behavior and not on the
other listed aspects of aggression. Finally, we were able
to replicate the BGHA finding with another measure of
overt aggression: violent behavior while in prison. The
limitations include that both theCTQandBGHAare self-
report and that the CTQ does not include an exhaustive
list of the potentially traumatic events that could be ex-
perienced in childhood. TheCTQhas demonstrated high
reliability and validity.48,51,62 Because this is amale popu-
lation, it was not possible to study potential sex differ-
ences.An important limitationof this cross-sectional study
is that we cannot exclude the possibility that gene-gene
interactions might have an important role in predispos-
ing individuals to aggressive behavior. Therefore, longi-
tudinal studies have to be undertaken to deconstruct the
neurobiological basis of aggression.
In conclusion, this study reports a significant interac-
tionbetweenchildhood trauma,particularlyphysical abuse,
and genetic variation in FKBP5 in predisposing individu-
als to overt aggressive behavior in amale population. This
observation may ultimately contribute to the identifica-
tion of biological markers that could have a role in clini-
cal practice in preventing aggressive behavior in at-risk in-
dividuals who were exposed to early-life trauma.
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